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Part I . Lum inescence o f  Aqueous I o n ic  S o lu t io n s
An anomolous lu m in escen ce o f aqueous s o lu t io n s  of I  , Br , 
0 H“ e t c .  i s  observed  and appear to  be c h a r a c t e r i s t ic  o f the  
s o lv e n t .  The e m iss io n  o f a KBr s o lu t io n  i s  g r e a t ly  reduced by 
p u r i f ic a t io n  of the KBr. However, upon a d d it io n  of a c id s ,  t h i s  
e m iss io n  rea p p ea rs. S in ce  a l l  of th e  io n s  in v o lv e d  are known to  
have charge tr a n s fe r  to  s o lv e n t  (CTTS) t r a n s i t i o n s ,  the lu m in es-  
cence i s  p o s tu la te d  to  be due to  th e  recom b in ation  of H3 O and e  . 
H ydroxide and h y d r o s u f lf id e  appear to  be a s p e c ia l  case  and may be 
tr a n s fe r r in g  a hydrogen atom to  th e  w a ter . D is c u s s io n s  o f the  
hydronium r a d ic a l  and the t r i p l e t  s t a t e  o f w ater are p r e se n te d . 
N eith er  o f th e se  e n t i t i e s  can account fo r  the lu m in escen ce ; how ever, 
an e x c it e d  s t a t e  complex between w ater and a hydrogen atom may be 
in v o lv e d .
Part I I .  Temperature Dependence o f  th e  P hosphoresence o f  P henath -  
rene in  E thanol -  E f f e c t s  o f  Gases
The e f f e c t s  o f v a r io u s  g a se s  upon th e  tem perature depen­
dence cu rves o f i n t e n s i t y  and l i f e t i m e  o f the phosp horescence o f  
phenanthrene in  e th a n o l are s tu d ie d . A s h i f t  o f both th e  g la s s  
t r a n s i t io n  r e g io n  and c r y s t a l  form ation  r e g io n  fo r  e th a n o l i s  
observed  when oxygen or n itr o g e n  i s  added to  th e  sam ple. Other
xii
nonpolar g a se s  (Ar and E thane) do not e x h ib it  t h i s  s h i f t .  The 
e f f e c t  fo r  oxygen and n itr o g e n  i s  e x p la in e d  by in vok in g  hydrogen  
bond break ing  by 0  ̂ and N2 . A d is c u s s io n  of g la s s  t r a n s i t io n  and 
hydrogen bond break ing  s tu d ie s  i s  p resen ted  and found to  support 
t h i s  s u g g e s t io n . The work i s  extended  to  th e  m eltin g  curves of  
DNA, where a s im ila r  e f f e c t  i s  ob served .
xiii
LUMINESCENCE STUDIES -  OVERVIEW
The h is to r y  o f lum inescen ce sp e c tr o sc o p y  can be s a id  to  be th e  
h is t o r y  of sp e c tro sco p y  i t s e l f .  Many of the e a r l i e s t  experim en ts  
in  sp e c tr o sc o p y  c o n s is te d  o f p la c in g  a sample in  a flam e or arc and 
d is p e r s in g  th e  em itted  l ig h t  by prism  or g r a t in g . G. R. K irch h o ff  
and R. Bunsen were in stru m en ta l in  d ev e lo p in g  t h i s  tech n iq u e  fo r  
u se  in  e le m en ta l a n a ly s i s . 1
In  a broad s e n s e , any e m iss io n  o f e le c tr o m a g n e tic  r a d ia t io n  
m ight be co n sid ered  a lu m in escen ce . This term , and the sub­
c l a s s i f i c a t i o n s  f lu o r e s c e n c e  and phosp horescence are g e n e r a lly  
r e se r v e d  fo r  e m iss io n  of v i s i b l e ,  u l t r a v i o l e t ,  vacuum u l t r a v i o l e t ,  
and x -ra y  r a d ia t io n  r e s u lt in g  from the t r a n s i t io n  o f an e le c tr o n  in  
a system  from a h igh er to  a lower e le c t r o n ic  s t a t e .  Thus, the  
e m iss io n  of r a d ia t io n  from an o s c i l l a t i n g  d ip o le  or a c c e le r a te d  
charge (sy n ch ro tro n  r a d ia t io n ) ,  d e sc r ib e d  by C la s s ic a l  E le c tr o ­
dynam ics are not in c lu d ed  in  the term nor i s  Cherenkov R a d ia tio n  
(d e sc r ib e d  by R e l a t i v i s t i c  E le c tr o d y n a m ic s ) , Bremmstrahlung or p a ir  
a n n ih i la t io n  e m iss io n  ( th e s e  l a t t e r  being  e x p la in e d  by Quantum 
E le c tr o d y n a m ic s ) . Many o th er  ty p e s  o f mechanisms e x i s t  by which  
r a d ia t io n  may be e m itte d . The b a s is  fo r  our u n d erstan d in g  of 
quantum e f f e c t s  in  f a c t ,  was la id  in  P la n c k ’ s a n a ly s is  o f Blackbody  
R a d ia tio n .
As s t a t e d ,  how ever, th e  main fo c u s  in  ch em istry  c o n s is t s  of 
lu m in escen ce  a r is in g  from e le c t r o n ic  t r a n s i t i o n s .  E in s te in 2
xlv
d evelop ed  a u s e fu l  r e la t io n s h ip  fo r  a two l e v e l  system :
where A t i s  the E in s t e in  c o e f f i c i e n t  fo r  spontaneous e m iss io n  and m+n
B t i s  the E in s t e in  c o e f f i c i e n t  fo r  s t im u la te d  a b so r p tio n  (which  n-Hn
i s  eq u a l to  B th e  c o e f f i c i e n t  fo r  s t im u la te d  e m is s io n ) ,  and vmn 
i s  th e  freq u en cy  o f  l ig h t  corresp on d in g  to  th e  energy d if f e r e n c e  
betw een l e v e l  m and l e v e l  n . The E in s t e in  c o e f f i c i e n t  o f stim u­
la te d  a b so r p tio n  can be d er iv ed  by tim e-depend en t quantum m echanics  
and i s  eq u al to :
where R i s  the m atrix  e lem en t for  t r a n s i t io n  from s t a t e  m to  
run
s t a t e  n:
w hich i s  th e  t r a n s i t io n  d ip o le  moment in  the x d ir e c t io n  fo r  th e  
s in g le  e le c t r o n  being  c o n s id er e d . T h is d e r iv a t io n  may be found in
w here,
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detail in Eyring, Walter, and Kimball.3 The matrix element R ,mn
b ein g  an in t e g r a l  over a l l  sp a c e , v a n is h e s  u n le s s  the product o f  
th e  w av efu n ctio n s and x  i s  t o t a l l y  sym m etric. T h is c o n s tr a in t  
le a d s  ( f o r  the hydrogen atom where th e  symmetry o f the wave­
fu n c t io n s  i s  d ic ta te d  by th e  s p h e r ic a l  harm onics) t o  th e  d ip o le  
s e l e c t i o n  r u le s ,  AZ = +  1 ,  where A i s  th e  angu lar momentum of the  
w a v e fu n ctio n . The symmetry of the w av efu n ctio n s in v o lv e d  can th u s  
be used to  p r e d ic t  whether a t r a n s i t io n  w i l l  be d ip o le  a llow ed  or 
fo rb id d en .
For m o le c u le s , w h ile  th e se  co n cep ts  are c e r t a in ly  u s e f u l ,  
o th er  p o s s i b i l i t i e s  e x i s t  fo r  t r a n s i t io n s  between e le c t r o n ic  
s t a t e s .  An e x c it e d  s t a t e  o f a m olecu le  may coup le through v ib r a ­
t io n a l  modes to  a lower s t a t e  and decay v ia  a r a d ia t io n le s s  t r a n s i ­
t i o n .  T his p r o cess  i s  c a l le d  in te r n a l  c o n v e r s io n . The m olecu le  
can a ls o  change m u l t ip l i c i t y  through a p r o cess  c a l le d  in te r sy s te m  
c r o s s in g . The quantum m echan ical treatm ent o f th e se  p r o c e sse s  i s  
q u ite  com plex and a t l e a s t  in  the case  o f in te r n a l  co n v e r sio n  not 
co m p le te ly  understood s in c e  r a d ia t io n le s s  decay a p p a ren tly  has 
nonzero am plitude upon e x tr a p o la t io n  to  zero  p r e s s u r e .1*
K in e t ic  trea tm en ts fo r  r a d ia t io n le s s  p r o c e sse s  are w e ll  known 
and r e l a t i v e l y  s im p le . Each p r o cess  i s  a s s ig n e d  a r a te  con stan t  
fo r  each  mechanism by which i t  can tak e  p la c e .  For example th e  
r a d ia t io n le s s  decay r a te  o f the lo w est e x c it e d  t r i p l e t  s t a t e  o f a 
m olecu le  in  f lu i d  media i s  g iv e n  by : 5
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4 1 2 1  = ^ [ 1 ]  + k 2 [T]2 + k 3 [ T ] - [ S 0 ] + 2 < l t Q) 1 [Mi ]* lT]
where [T] i s  th e  c o n c e n tr a t io n  o f the t r i p l e t  s p e c ie s ,  [S0 ] th e  
c o n c e n tr a t io n  o f the u n e x c ite d  s p e c ie s ,  and [M^] th e  c o n c e n tr a t io n  
of any phosp horescence quenching im p u rity  ( e . g . ,  o x y g en ). The r a te  
co n sta n t k  ̂ fo r  un iraolecu lar decay i s  the sum o f r a d ia t iv e  and non- 
r a d ia t iv e  r a te  c o n s ta n ts :
k l  ’  kp +  S ir
However, in  many p o lyarom atic  m o lecu les  t h is  l a t t e r  term may be 
q u ite  sm a ll in  s o lv e n ts  even at r a th er  low v i s c o s i t i e s .  The second  
terra, k £ , corresp on d s to  t r i p l e t - t r i p l e t  a n n ih i la t io n  and th e  th ir d  
(kg) to  form ation  of an exc im er . The f i n a l  term kg r e p r e se n ts  the
r a te  o f quenching o f th e  t r i p l e t  s t a t e  by each im p u rity  s p e c ie s .
Lum inescence tech n iq u es  can thus be used to stu dy r a d ia t io n ­
l e s s  t r a n s i t io n s  as w e l l  as th e  e m iss io n  i t s e l f .  Furtherm ore, 
in te r m o le c u la r  or in tr a m o le c u la r  in te r a c t io n s  are a ls o  am enable, in  
many c a s e s ,  to  stu d y  by th e se  te c h n iq u e s . For exam ple, conform a­
t io n s  o f p r o te in s  as a fu n c tio n  o f tem perature m ight be i n v e s t i ­
g a te d . The form ation  o f e x c it e d  s t a t e  com plexes ( e x c ip le x e s  and 
e x c im er s)  was d isco v e r e d  through changes in  the lum in escen ce a t  
h ig h e r  c o n c e n tr a t io n s .
The apparatus used in  the fo llo w in g  s tu d ie s  was an American 
Instrum ent Company (Aminco) K eirs  S p ectrop h osp h orim eter . This
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in strum ent has two monochromators one fo r  e x c i t a t io n  and one for  
e m is s io n , th e  g r a t in g s  o f which are b lazed  a t 300 and 500 nm, 
r e s p e c t iv e ly .  The e x c i t a t io n  source was a 150W Xe arc focu sed  by a 
p a r a b o lic  con d en sin g  m irror fo r  g r e a te r  i n t e n s i t y .  The lamp 
i n t e n s i t y  m axim ized at 400-450 nm. The p h o to m u lt ip lie r  tu b e , a 
Hamamatsu R136 ( m u lt ia lk a l i  t y p e ) ,  had a broad e f f i c i e n c y  maximum 
a t  450 nm. The u sa b le  ra n g e , how ever, was 160-800 nm.
Thus, the b a s ic  requ irem en ts fo r  lu m in escen ce work were met -  
an e x c i t a t io n  so u r c e , d is p e r s in g  elem ent and a d e te c to r  -  in  both  
the v i s i b l e  and u l t r a v i o le t  r e g io n s .  As noted e a r l i e r ,  the term  
lu m in escen ce  can be a p p lied  to  h igh er  energy r e g io n s  o f the  
e le c tr o m a g n e tic  spectrum  as w e l l .  However, d i f f i c u l t i e s  a r i s e ,  in  
th e  vacuum u l t r a v i o l e t  (VUV) r e g io n , fo r  in s ta n c e , s in c e  the  
com peting p r o c e sse s  of a u t o io n iz a t io n ,  p h otochem ica l change, and 
d i s s o c ia t io n  become dom inant. A lso  s o lv e n t s  and m a tr ices  which do 
not th em se lv es  absorb or em it upon VUV e x c i t a t i o n  are few , in d eed .
The d e te c t io n  o f x -ra y  f lu o r e s c e n c e  i s  w e l l  known. X-ray 
f lu o r e s c e n c e  a r is e s  when a v a le n c e  or h ig h er  s h e l l  e le c tr o n  f i l l s  a 
h o le  in  a low er or core o r b i t a l .  T h is tech n iq u e  i s  much used in  
n o n d e s tr u c t iv e  a n a ly s i s .  The p r o c e ss  of r a d ia t iv e  h o le  f i l l i n g  i s  
much l e s s  e f f i c i e n t  fo r  l ig h t  e lem en ts  ( e . g . ,  C, N, and 0 ) s in c e  th e  
e m iss io n  of secondary or Auger e le c tr o n s  becomes dom inant . 6 The 
tech n iq u e  i s  worth d e v e lo p in g , n e v e r t h e le s s ,  not fo r  e le m e n ta l  
a n a ly s is  but fo r  th e  p o s s ib le  stu d y  o f bulk phase sy s te m s. The 
in fo r m a tio n  g en era ted  by a s o f t  x -ra y  spectrum  i s  comparable to
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th a t  in  P h o to e le c tr o n  S p ectroscop y  (PES) and thus b i o lo g i c a l  
m o le c u le s , fo r  exam ple, cou ld  be s tu d ie d  in  a more r e a l i s t i c  
environm ent ( s in c e  PES must be done on gas phase m o lecu les  or 
s u r fa c e s  under vacuum ). This p o s s i b i l i t y  has been d isc u sse d  in  the  
l i t e r a t u r e . ?
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Anomalous Lum inescence o f  Some Aqueous S a lt s
Io n ic  system s in  aqueous s o lu t io n  have two w e ll- r e c o g n iz e d  
mechanisms by which v i s i b l e  and u l t r a v io le t  l ig h t  may be absorbed or 
e m it te d . That i s ,  two b a s ic  ty p es  o f e le c t r o n ic  t r a n s i t io n s  are  
known. In common w ith  n o n io n ic  sy stem s, an ions or c a t io n s  can 
undergo a lo c a l iz e d  t r a n s i t io n  to  a h ig h er  e le c t r o n ic  s t a t e .  In  
a d d it io n , th e se  s p e c ie s  may form com plexes in  which the charge  
d e n s ity  i s  rearranged  by e x c i t a t io n ,  le a d in g  to  an In c r ea se  of the  
e le c t r o n ic  charge d e n s ity  of one of them. This charge  
rearrangem ent i s  termed C h arge-T ran sfer  (CT) and th e  r e s u lta n t  
e x c i t a t io n  I s  r e fe r r e d  to  as a Charge T ra n sfer  T r a n s it io n .
The lo c a l iz e d  t r a n s i t io n s  are o f two ty p e s :  one in  which the
e le c t r o n ic  s p in  s t a t e  i s  r e ta in e d  and one fo r  which i t  changes —  
w ith  concom itant change in  th e  m u l t i p l i c i t y  of th e  sy stem . For 
exam ple, a c lo s e d  s h e l l  ground s t a t e  s p e c ie s  may absorb energy and 
be promoted to  e i t h e r  a h igh er  s in g le t  or a h igh er  t r i p l e t  s t a t e .
S in ce  a c lo s e d  s h e l l  system  must be in  a s in g le t  sp in  s t a t e  th ese
two ty p es o f prom otions are termed s i n g l e t - s i n g l e t  and s i n g l e t -  
t r i p l e t  t r a n s i t io n s .  These two ty p es  o f t r a n s i t io n s  may be d i f ­
f e r e n t ia t e d  by t h e ir  r e s p e c t iv e  e n e r g ie s ,  t h e ir  o s c i l l a t o r
s tr e n g t h s ,  and t h e ir  e m is s iv e  l i f e t i m e s .
T r a n s it io n  m eta l c a t io n s  ( e . g . ,  Cr*3) a re  o f te n  c o lo red  because
2
3
o f  low -en ergy  e x c i t a t io n s  o f 'd  ■+■ d and f  ■+■ f  ty p e s .  These e x c i t a ­
t io n s  g iv e  r i s e  to  a b so r p tio n  bands which are both very  in te n s e  and 
v ery  narrow. S in ce  th e  t r a n s i t io n  i s  i n t r i n s i c  to  th e  c a t io n  and o f  
l o c a l iz e d  n a tu r e , en v iron m en ta l e f f e c t s  upon i t  are m inim al.
P o lyatom ic  an ion s*  a l s o  e x h ib it  I n te r n a l t r a n s i t io n s  a lth ou gh  
our u n d erstan d in g  o f them i s  not as com plete as fo r  th e  t r a n s i t io n  
m eta l c a t io n s .  O ften the a b so r p tio n  sp e c tr a  of an ion s c o n s is t  of 
broad, o v e r la p p in g  f e a t u r e le s s  bands which are very  d i f f i c u l t  to  
i n t e r p r e t .
The te tr a h e d r a l  t r a n s i t io n  m etal oxyanions ( e . g . ,  MnOi*”  and 
CrOi+ ) p o s s e s s  w e l l - r e s o lv e d  and h ig h ly -s tr u c tu r e d  a b so rp tio n  
b a n d s . T h e s e  h ig h ly  c o lo red  an ion s p o sse ss  v i s i b l e  and u l t r a ­
v i o l e t  t r a n s i t io n s  which can be a s s ig n e d  in  th e  te tr a h e d r a l  group 
nom enclature as 1 T2 +• and ■+• 1 A j. The lo w e st  observed  energy  
s in g le t  e x c it e d  s t a t e  o f permanganate i s  1 T2  and the 1 T2  +■ 
t r a n s i t io n  i s  r e sp o n s ib le  fo r  th e  p urp le  c o lo r  c h a r a c t e r i s t ic  o f  
perm anganate. S im i la r ly ,  th e  chromate io n  has a *T2 ^A^
e x c i t a t io n  which cau ses the y e llo w -o r a n g e  c o lo r  o f t h is  io n .
The cyan ate  io n  i s  another example o f t h is  ty p e . T h is s p e c ie s  
was s tu d ie d  by R ab a la is e t  a l .^ » tf‘ and found to  have a t r a n s i t io n  
a s s ig n e d  as -*■ 1 Z+ a t 1 9 7 .3  nm (5 0 ,6 8 4  cm"1 ) .  A sm a ll s h i f t  was 
noted  (a p p ro x im a te ly  2 , 0 0 0  cm"1 ) upon change o f the a s s o c ia te d
*Monoatomic an ion s such as Br , Cl , e t c . ,  are b e lie v e d  not to  
p o s s e s s  bound e x c it e d  s t a t e s .
cation from sodium to lead. A second transition of the cyanate ion
was a l s o  s tu d ie d  and i t  was found th a t  t h i s  a b so r p tio n  peak v a r ie d
from 285 to  300 nm a g a in  depending upon th e  c a t io n  in v o lv e d . These
system s a ls o  e m it te d , y ie ld in g  a phosp horescence a t 77K. The
Q H" 1 *f*lu m in escen ce assignm ent was taken  to  .be +-»■ because o f the  
in c r e a s e  o f o s c i l l a t o r  s tr e n g th , f ,  and d ecrease  o f l i f e t i m e ,  t , 
caused  by cadmium, mercury and lea d  c a t io n s .
An i d e a l i z a t io n  of the behavior o f in t e r n a l  t r a n s i t io n s  i s  
known as The P r in c ip le  o f  A d d i t i v i t y  o f  Io n ic  C o lo r s ,5*6 This
p r in c ip le  s t a t e s  th a t the c o lo r  o b ta in ed  upon com bining a co lo red
c a t io n  and a c o lo red  anion  i s  m erely  the sum of both c o lo r s .  This  
s u p p o s it io n  i s  thought to  p e r ta in  to  a l l  s p e c tr a l  r e g io n s .
D e v ia tio n s  from t h is  i d e a l i z a t io n  have been d is c u s s e d . 7 - 9
These d e v ia t io n s  can a r is e  by one or s e v e r a l  of the fo llo w in g  
m echanism s:
1 . S p ln -o r b it  enhancement of th e  i n t e n s i t y  of T  ̂ Sq t r a n s i ­
t io n s  o f th e  a n io n s .
2 . A lt e r a t io n  of energy of c e r t a in  a n io n ic  t r a n s i t io n s  because  
o f  p e r tu r b a tio n s  by th e  c a t io n  —  p e r tu r b a tio n s  which a r is e  
from e i t h e r  p o la r iz a t io n  or d i s t o r t io n  o f th e  an ion  by the  
c a t io n .
3 . New t r a n s i t io n s  a r is in g  from charge rearrangem ent o f the  
i o n ic  com plex, th a t i s  Charge T ra n sfer  (CT) t r a n s i t i o n s .
The l a s t  mechanism, presum ably c h a r a c t e r is t ic  o f  a l l  a n io n s , 
does not r e q u ire  p o s t - t r a n s i t io n  elem ent c a t io n s .  A b sorp tion  bands
which are s e n s i t i v e  to  th e  c a t io n  o f the a n io n /c a t io n  system  are  
in d ic a t iv e  o f CT t r a n s i t i o n s .  An exam ple can be found in  th e  
n i t r a t e  io n . The sp e c tr a  of s e v e r a l  n i t r a t e  s a l t s  were rep orted  by 
Maria e t  a l .^Q xn most but not a l l  c a s e s ,  th ey  a s s ig n e d  th e  
lo w e s t-e n e r g y  band as CT. The CT assign m en t was b o ls te r e d  by the  
observed  e f f e c t s  of so lv e n t  p o la r i t y ,  s in c e  CT t r a n s i t io n s  are a l s o  
v ery  s e n s i t i v e  to  th e  c h a r a c t e r i s t ic s  o f s o lv e n t .  In th e  work 
c i t e d ,  th e  CT band maximum s h i f t e d  from 28 ,330  cm- * fo r  th e  f e r r ic  
s a l t  to  4 0 ,9 8 0  cm- 1  fo r  th a t o f th e  m ercu r ic , and th e  CT t r a n s i t io n  
o f  th e  c u p r ic  s a l t  s h i f t e d  from 3 3 ,8 0 0  cm- * to  3 7 ,0 0 0  cm- * upon 
changing s o lv e n t  from dioxane to  e th a n o l.
Lum inescence o f a CT s t a t e  has not been dem onstrated  a lth ou gh  
some an ion s which e x h ib it  CT bands do show e m iss io n . The n i t r a t e  
io n ,  fo r  in s ta n c e ,  shows an e m iss io n  o f l i g h t ;  how ever, t h i s  
lu m in escen ce has been a ss ig n e d  to  sp in  o r b it  enhancement o f the  
lo w e st s in g le t  •*->■ t r i p l e t  t r a n s i t io n .  Indeed , th e  r a d ia t io n le s s  
decay of CT bands i s  probably v e r y  f a s t 9 making th e  e m iss io n  o f  
th e se  bands e i t h e r  very  weak or n o n - e x is t a n t .
A lu m in escen ce  which i s  not e a s i l y  a ss ig n e d  has been observed  
i n  low tem perature aqueous s o lu t io n s  o f some a c id s  and s a l t s .  A 
v e r y  s im ila r  b lue em iss io n  (maximum o400 nm) i s  observed  upon 
p h o t o ly s is  o f  aqueous hydroxide io n  s o lu t io n s .  T his long  l iv e d  
rad ian ce  has been a t t r ib u te d  to  th e  s t a t e  of the h yd roxy l  
r a d ic a l  by Maria and McGlynn.** Problem s w ith  t h is  assignm ent have  
been p o in ted  out by M erkel and H a m ill , * 2  who argued th a t  th e  lo w est
t r i p l e t  o f th e  hydroxide io n  may be r e s p o n s ib le .
The d i f f i c u l t y  in  a s s ig n in g  t h is  lu m in escen ce i s  not s u r p r is in g  
in  l i g h t  o f 6 ome o f the unusual fe a tu r e s  i t  p o s s e s s e s .  For exam ple, 
two decay components have been rep o rted  to  e x i s t :  a f a s t  one o f
'v O .ls , and a slow  one of ^ l s .  A d d it io n a lly ,  w h ile  th e  e x c i t a t io n  
maximum of the lu m in escen ce depends s tr o n g ly  upon th e  a n io n ic  
s p e c ie s  in  th e  s o lu t io n ,  the e m iss io n  band shows a lm ost no depen­
dence on t h i s  f a c t o r .  F in a l ly ,  no c a t io n ic  dependence i s  shown, 
e i t h e r  by th e  em iss io n  or th e  e x c i t a t io n  maxima, a lth ou gh  the  
e m is s iv e  l i f e t im e s  are sh orten ed  by h eavy-m eta l c a t io n s .
The in te r p r e ta t io n  of t h i s  lum in escen ce as a lo w - ly in g  t r i p l e t  
s t a t e  o f the hydroxide io n  i s  q u e s t io n a b le . The e m is s iv e  s t a t e  
(3 .1 1  eV above th e  ground s t a t e )  i s  c o n s id e r a b ly  h igh er  in  energy  
than the io n iz a t io n  p o t e n t ia l  o f hydroxide io n  a t 1 .8  eV. A lso , in  
c o n c e n tra ted  a c id  s o lu t io n s ,  th e  l i f e - t i m e  of the hydroxide io n  even  
a t 77K, would probably be c o n s id e r a b ly  sh o r te r  than 0 .1 s .
The argument a g a in s t  th e  lu m in escen ce being  due to  th e  h yd roxyl 
r a d ic a l  i s  an e n e r g e t ic  one —  th e  e x c i t a t io n  o n set i s  fa r  to o  low  
in  en ergy  to  a llo w  both io n iz a t io n  and e x c i t a t io n  o f th e  hydroxide  
io n .  A two photon p r o cess  i s  d o u b tfu l both on an ex p er im en ta l and a 
t h e o r e t i c a l  b a s i s .
Because of th e se  o b se r v a tio n s  we w i l l  c o n s id er  th e  p o s s i b i l i t y  
th a t  th e  s o lv e n t ,  namely w a te r , i s  i t s e l f  in v o lv e d  in  th e  phenomenon 
o f  i n t e r e s t .
R e la t io n s h ip  to  th e  4 .5  eV A b sorp tion  In  Mater System s
A lu m in escen ce has been a t tr ib u te d  to  water in  both the r a d io -  
l y s i s i 3 _ i 5  and e le c tr o n  im pact e x c i t a t i o n 1 6 *^ 7 o f  low -tem perature  
i c e s .  The rep orted  e m iss io n  sp e c tr a  bear a s tro n g  resem blance to  
th o se  observed  fo r  aqueous io n ic  s o lu t io n s .  T h ere fo re , we In q u ire  
in to  th e  r e la t io n s h ip ,  i f  any, which e x i s t s  between th e s e  phenomen 
S e v e r a l exp er im en ters  have rep orted  an a b so r p tio n  in  w ater  
system s in  the 4 .5  eV r e g i o n . A  t e n t a t iv e  assignm ent fo r  the  
e x c it e d  s t a t e  in v o lv e d  in  t h i s  a b so r p tio n  i s  e i t h e r  th e  3B2 or 
3A£ s t a t e  o f w a ter . The lu m in escen ce of ic e  has been supposed to  
i n i t i a t e  in  th e  same lo w - ly in g  t r i p l e t  s t a t e  of th e  water m o le c u le .  
However, t h i s  assignm ent has never been corrob orated  by th e o r e ­
t i c a l  c a lc u la t io n s .
The lu m in escen ce , w h ile  not u n d erstood , appears to  be r e a l  and 
not a r t i f a c t u a l :  o th er  tec h n iq u es  y ie ld  s im ila r  r e s u l t s .  Bernas and
Truong , 1 3 - ^-1 fo r  exam ple, observed  an e m is s io n , l mav -  380 nm, upon 
i l lu m in a t io n  o f gamma ir r a d ia te d  i c e .  These workers a l s o  observed  
an ex trem ely  weak lu m in escen ce  upon mercury s e n s i t i z a t io n  of i c e .  
T h es is  —  The Hydronium R a d ica l a s  C a u s it iv e  F actor
An h y p o th e s is  which may e x p la in  th e  phenomena rep orted  fo r  
both aqueous s a l t  lu m in escen ces  and pure w ater system s in vok es  
th e  p resen ce  of th e  hydronium r a d ic a l ,  ^ 0 * .  S in ce hydrogen  
atoms are r e a d ily  produced upon r e a c t io n  of water w ith  e le c t r o n s ,  
as w e l l  as in  the r a d io ly s i s  o f w a ter , t h i s  su p p o s it io n  i s  not 
u n rea so n a b le .
The e x is t e n c e  o f the HgO* r a d ic a l  has been a t o p ic  o f c o n s id e r ­
ab le  d eb a te . These arguments w i l l  be p resen ted  in  th e  d is c u s s io n
fo llo w in g  th e  p r e s e n ta t io n  o f our ex p er im en ta l r e s u l t s  and o f our
c a lc u la t io n a l  data s e t  fo r  t h is  s p e c ie s .
B r ie f ly ,  th ree  d i f f e r e n t  mechanisms cou ld  g iv e  r i s e  to  HgO*. 
F i r s t ,  e le c tr o n s  produced upon p h o to ly s is  of an ion s p resen t in  
aqueous a c id  s o lu t io n s  cou ld  recom bine w ith  the "hole" —  H3 O"*". 
E le c tr o n -H o le  recom b in ation  lum inescen ce i s  very  w e l l  known. 2 2  
A gain , in  b a s ic  s o lu t io n s ,  the hydroxide io n  may d i s s o c ia t e  in to  0 
and H*. In d eed , i n t e r s t i t i a l  hydrogen atoms have been rep orted  upon
e x c i t a t io n  o f hydroxide-doped  KBr.2  ̂ F in a l ly ,  hydrogen atoms may be
produced, as s ta te d  e a r l i e r ,  by r e a c t io n  of e le c tr o n s  and w a ter . 
Hydrated e le c tr o n s  and hydrogen atoms may even be s a id  to  be 
in te r c h a n g e a b le .2  ̂ These hydrogen atoms cou ld  then  r e a c t  w ith  w ater  
to  form HgO*.
Some t h e o r e t ic a l  support e x i s t s  fo r  t h i s  h y p o th e s is .  As s h a l l
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be d is c u s s e d  l a t e r ,  Bader and Gangi found a m eta sta b le  co n fo r­
m ation fo r  the hydronium r a d ic a l  w ith  a lo w est e x c it e d  s t a t e  4 .4  eV 
above th e  ground s t a t e .  S in ce  th e  b a r r ie r  to  d i s s o c ia t io n  was found  
to  be 6 . 6  K ca l/m o le , t h is  s p e c ie s  m ight e x i s t  at low tem p era tu res. 
Even i f  the ground s t a t e  o f t h is  s p e c ie s  i s  not s t a b le ,  an e x c it e d  
s t a t e  o f i t , in  the form o f an e x c ip le x  ( e x c i t e d  s t a t e  com plex) 
betw een water and hydrogen, m ight be.
CHAPTER II
THE 4 .5  eV ABSORPTION IN WATER SYSTEMS
E xp erim ental Work
An a b so r p tio n  of energy by water a t e n e r g ie s  below the f i r s t  
o p t ic a l ly - a l lo w e d  t r a n s i t io n  (w hich o ccu rs26  a t  7 .4 5  eV) was o r ig in ­
a l l y  rep o rted  by S chu lz2 7  in  1960. S chu lz  used the "Trapped 
E lectro n "  (TE) m ethod, which i s  a type of e le c tr o n  im pact s p e c tr o ­
sc o p y .*  In  the TE te c h n iq u e , th e  i n e l a s t i c a l l y  s c a t te r e d  e le c tr o n s  
w ith  l e s s  than 0 .3  eV energy are c o l l e c t e d  by a g r id -p la t e  arrange­
ment; th e  r e s u lta n t  cu rren t Is  p lo t t e d  v e r su s  th e  In c id e n t  e le c tr o n  
k in e t i c  en e r g y . A sm a ll f l a t  peak was observed  b eg in n in g  a t an 
In c id e n t  e le c tr o n  en ergy  of 3 .5  eV and c o n tin u in g  up to  the on set
* E le c tr o n  Impact S p ectroscop y  (E IS ) d i f f e r s  in  two e s s e n t i a l  ways 
from an E le c tr o n  S c a t te r in g  (ES) e x p er im en t. In E IS , th e  In c id en t  
e le c tr o n  energy i s  v a r ie d , u s u a lly  from near zero  en ergy  to e n e r g ie s  
s l i g h t l y  h igh er  than the f i r s t  io n iz a t io n  p o t e n t ia l  (IP ) (so  th a t  
the f i r s t  n o n r e l a t i v i s t i c  Born approxim ation  does not a p p ly ) . In 
ES, on th e  o th er  hand, the energy i s  h e ld  co n sta n t a t a l e v e l  
somewhat h ig h er  than the f i r s t  IP ( s o  th a t th e  Born approxim ation  I s  
v a l i d ) .  The methods o f d e te c t io n  d i f f e r  a ls o :  in  EIS th e  i n e l a s t i ­
c a l l y  s c a t t e r e d  (" slow " ) e le c t r o n s  are trapped in  a p o t e n t ia l  w e l l  
(su ch  as a g r id -p la t e  arran gem en t), whereas in  ES th e  e le c tr o n s  are  
a n a lyzed  fo r  both angular and e n e r g e t ic  d i s t r ib u t io n .
(^ 6 .0  eV) o f  th e  f i r s t  la rg e  peak. A number of maxima, a l l  thought  
to  correspond  to  o p t ic a l ly -o b s e r v e d  t r a n s i t i o n s ,  were found a t 7 .3 ,  
9 .2 ,  1 0 .1 ,  and 1 2 .4  eV.
E lev en  y ears  l a t e r ,  Knoop e t  a l . 2 9  improved th e  tech n iq u e  and 
r e in v e s t ig a t e d  the water spectrum . T heir method which th ey  termed 
"Double R etard in g  P o t e n t ia l  D if fe r e n c e " , gave b e t te r  energy r e s o lu ­
t io n  and a l s o  e lim in a te d  the n e g a t iv e  io n  curren t in  S c h u lz 's  work. 
In  t h e ir  a p p a ra tu s , both in c id e n t  and d e te c te d  e le c tr o n s  passed  
through energy a n a ly z e r s . The c o l l i s i o n  chamber, surrounded by a 
m antle h e ld  at a p o s i t iv e  p o t e n t ia l ,  a c ted  as a p o t e n t ia l  w e l l  for  
n e g a t iv e  io n s .  Futher se p a r a tio n  of the e le c tr o n s  and io n s  was 
e f f e c t e d  by a m agnetic f i e l d  p a r a l le l  to  the beam of the e le c t r o n s .  
U sing a p o t e n t ia l  w e l l  of 2 eV th e y  s u b s ta n t ia te d  th e  work of S chu lz  
th ey  found a sm a ll maximum between 4 .4  and 4 .6  eV in c id e n t  e le c tr o n  
en erg y . T h is peak was t e n t a t iv e ly  a ss ig n e d  as a t r a n s i t io n  from the  
ground s t a t e  o f water to  a lo w - ly in g  t r i p l e t  s t a t e  w ith  or A2  
symmetry.
In a d i f f e r e n t  e le c tr o n  im pact m ethod, i n e l a s t i c a l l y - s c a t t e r e d  
e le c tr o n s  were scavenged  by SFg and th e  r e s u lta n t  SFg io n s  were 
counted u s in g  t im e - o f - f l ig h t  mass sp e c tr o sc o p y . 2 9  Once more a sm all 
broad a b so r p tio n  was n oted : o n se t  a t 4 .1  w ith  c o n t in u a tio n  to  6 .1
eV w here, a g a in , th e  d i s t i n c t  maximum a t 7 .4 5  eV began. The broad­
n e ss  o f  th e  4 .5  eV band was supposed to  a r is e  from d i s s o c ia t io n  of 
the w ater above 5 .1  eV, which i s  th e  bond d i s s o c ia t io n  en ergy .
The Low Energy E le c tr o n  R e f le c t io n  (LEER) spectrum  o f ic e  was
rep o r ted  in  two papers by Lew is e t  a l . 3 0 * 3-1 In t h i s  tech n iq u e  
e le c tr o n s  are in c id e n t  on a th in  f i lm  o f sample a t 4 5 ° . E le c tr o n s  
which are r e f l e c t e d  by the sample and which p ass a r e ta r d in g  g r id  
are c o l l e c t e d  by a Faraday cup. Lew is found a la r g e  drop in  th e  
c o l l e c t e d  cu rren t fo r  ic e  in  th e  4-5  eV ran ge . This work was 
thought to  be c o r r o b o r a tiv e  o f th e  e x is t e n c e  of a lo w -ly in g  
t r i p l e t  s t a t e  o f w ater .
A fe a tu r e  s im ila r  to  the one found in  EIS was observed  by 
s e v e r a l  groups in  e le c tr o n  s c a t t e r in g  exp erim en ts on w a t e r 32- 34 
T y p ic a l r e s u l t s  are found in  th e  paper by Trajmar e t  a l . ^ 8 These 
s c i e n t i s t s  found an in c r e a e  o f two orders of m agnitude in  th e  4 .5  
eV band (n orm alized  to  th e  7 eV peak) upon go in g  from 0 -9 0 °  
s c a t t e r in g  a n g le  and the in c id e n t  e le c tr o n  energy eq u al to  20 eV. 
T h is la r g e  v a r ia t io n  o f band i n t e n s i t y  w ith  a n g le  has been found 
to  be t y p ic a l  o f sp in  fo rb id d en  t r a n s i t i o n s . 35
A more re ce n t s tu d y 3*1 has shown th a t  th e  4 .5  eV phenomenon i s  
r e a l  but th a t i t  probably a r i s e s  from co n tam in ation  o f th e  
c o l l i s i o n  chamber by in t e r a c t io n  o f th e  sample and th e  w a l l s .
T h is c o n c lu s io n  was based on s e v e r a l  f in d in g s .  The f i r s t  anomaly
J. J.
was the la c k  of a peak in  the 4-6  eV r e g io n  o f H2 O i n  H and H2  
s c a t t e r in g  ex p e r im en ts: th e s e  tec h n iq u es  are of u se  in  d e te c t in g
t r i p l e t  s t a t e s  in  oth er  sy s te m s. S eco n d ly , th e  4-6  eV a b so r p tio n  
in c r e a se d  g r e a t ly  a f t e r  the c o l l i s i o n  chamber had been sa tu ra te d  
w ith  w ater vap or . Furtherm ore, h e a t in g  o f the sample chamber 
caused  a s ig n i f i c a n t  r e d u c tio n  o f the 4 .5  eV s ig n a l .  F in a l ly ,
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t i m e - o f - f l i g h t  mass sp e c tr o sc o p y  m easurem ents confirm ed th a t the  
s ig n a l  a r o se  from i n e l a s t i c a l l y  s c a t t e r e d  e le c tr o n s  and not from a 
n e g a t iv e  io n  c u r r e n t, in  agreem ent w ith  th e  r e s u l t s  o f L a s s e tr e  and 
H uo.33
O p tic a l S p ectroscop y
An ex trem ely  weak a b so r p tio n  in  th e  UV r e g io n  was rep orted  by 
L arzul e t  a l . 36 This a b so r p tio n  which had a maximum a t 276 nm C,v 4 .5 
e V ), was observed  by th e  d i f f e r e n t i a l  p a th len g th  a b so r p tio n  method.
The sample c e l l s  were made of n ic k e l  and th e  net p a th len g th  was 7 9 .2  
cm. The w ater used was doubly d i s t i l l e d  and the d eu tero x id e  had an 
i s o t o p ic  p u r ity  of 99.76%. The sm a ll maximum fo r  w ater a t 276 nm 
was in c r e a se d  s e v e r a l - f o ld  upon d e u te r a t io n . W hile th e  au th ors did  
not in te r p r e t  th e  s p e c tr a , t h i s  paper was fr e q u e n t ly  c i t e d  as 
a d d it io n a l  ev id en ce  o f a t r i p l e t  s t a t e  a t ^ 4 .5  eV.
A r e c e n t  paper by Quickendon and I r v in , 37  in  which the d i f ­
f e r e n t ia l  path  method was a l s o  u sed , found no e v id en ce  o f a maximum 
fo r  w ater in  t h i s  w avelength  r e g io n . I n s te a d , a m o n o to n ic a lly  
in c r e a s in g  a b so r p tio n  from 320 to  196 nm was ob served . This absorp­
t io n  cou ld  be a t t r ib u te d  a lm ost c o m p le te ly  to  the sum o f R a y le ig h
The d i f f e r e n t i a l  path a b so r p tio n  method i s  a double beam experim ent 
in  which sam ples o f s l i g h t l y  d i f f e r e n t  p a th len g th s  are p laced  in  
both beams. A n e t  a b so r p tio n  i s  ob served . The c o r r e c t io n s ,  
m andatory to  t h is  te c h n iq u e , fo r  s c a t te r e d  l i g h t  and w avelength  
dependent window r e f l e c t io n s  are f u l l y  d is c u ss e d  in  r e fe r e n c e  37.
13
s c a t t e r in g  and the low energy t a i l  o f  the A X t r a n s i t io n .
The net p a th len g th  in  th e se  la t e r  ex p er im en ts , o n ly  9 cm, was shown 
to  be s u f f i c i e n t  to  reproduce th e  e a r l i e r  work. I t  was concluded  
th a t  org a n ic  im p u r it ie s  were th e  probable e x p la n a tio n  fo r  th e  peak 
observed  in  R eferen ce 36 s in c e ,  in  th e  d i s t i l l a t i o n  procedures of 
Quickenden et^ a l . th e se  im p u r it ie s  were th orou gh ly  e lim in a te d .  
Lum inescence S tu d ie s
The e le c tr o n  impact and s c a t t e r in g  work may be e x p la in e d  in  
term s o f w a te r -sa tu r a te d  w a l ls  and the o p t ic a l  a b so r p tio n  r e l e ­
ga ted  to  im p u r it ie s ;  how ever, a lum inescen ce i s  found in  low  
tem perature i c e s  ( e . g . ,  77K) upon r a d i o l y s i s , 1 3 - 1 5  mercury photo  
s e n s i t i z a t i o n , 1 9 *20  photo b lea ch in g  a f t e r  Y ^ r r a d ia t lo n , 1 9 "-2 1  and 
e le c tr o n  im pact on th in  f i lm s 1 0 j 1 ? and t h i s  lu m in escen ce has not 
been e x p la in e d . Some of th e se  r e s u l t s  have been a t tr ib u te d  to  a lo w -  
ly in g  t r i p l e t  s t a t e  of w ater .
For exam ple, M erkel and H am ill1 0  observed  th a t ic e  f i lm s  a t 77K 
show two e m iss io n  bands, one a t ^280 nm w hich was a t tr ib u te d  to  th e  
h yd roxy l r a d ic a l  and a second a t ^380 nm which was su g g e ste d  to  be 
th e  3Bj -»■ 1Aj t r a n s i t io n  o f w a ter . The two peaks a p p a ren tly  do not 
a r is e  from the same mechanism s in c e  the 280 nm peak appeared at  
in c id e n t  e le c tr o n  energy >9 .1  eV w hereas the 380 nm peak appeared  
o n ly  a t in c id e n t  e le c tr o n  energy >12 eV.
1 7T his work was confirm ed and improved by la t e r  w orkers who 
found th a t  th e  380 nm maximum was composed of th ree  sep a r a te  peaks 
a t <^400, 4 4 0 , and 490 nm. The e x c i t a t io n  of th e se  maxima was found
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to  on set a t a .12.6  eV, i d e n t i c a l ,  w ith in  ex p er im en ta l u n c e r ta in ty ,  
to  th e  f i r s t  io n iz a t io n  p o t e n t ia l  fo r  w ater . These peaks were 
t e n t a t iv e l y  a ss ig n e d  as non-Frank-Condon t r a n s i t io n s  fo r  the  
io n - e le c t r o n  recom b in ation  lum inescen ce a r is in g  from th e  A or 
3 B2 ,  B *Aj or 1 B2 , and C ^Bi or D ^Aj s t a t e s  r e s p e c t iv e ly .  F in a l ly ,  
th e  h yd roxy l r a d ic a l  lu m in escen ce , p r e v io u s ly  a s s ig n e d 16  a t  280 nm, 
was found1  ̂ to  l i e  at 306 nm ( e . g . ,  a t  the same w avelen gth  as the  
gaseous hydroxyl r a d ic a l  e m is s io n ) .
An alm ost id e n t ic a l  lum inescen ce has been observed  upon charge  
n e u t r a l iz a t io n  of y - ir r a d ia te d  i c e s .-1 9 ” 2 1  In  charge n e u t r a l iz a t io n ,  
e le c tr o n s  g en era ted  during the y - ir r a d ia t io n  a re 'd etra p p ed  from the  
l a t t i c e  by p h o to -b le a c h in g  and may recom bine w ith  any p o s i t i v e  io n s  
p r e s e n t . Two bands were e v id e n t  in  i c e .  A 305 nm band, a ga in  due 
to  th e  -+ it t r a n s i t io n  o f h y d ro x y l, and a 380 nm band su g g ested
t o  be a T] +  SQ e m iss io n  o f w ater produced by the mechanism
H90 + hv ■* H?0+  +  e  
£ Y 111
The symbol e ~  d en o tes an e le c tr o n  trapped in  th e  ic e  m atr ix , 
m
Hydronium io n  p rod u ction  proceed s as
H2 0+ +  H20 -+ H30 +  +  OH •
Upon p h o to -b le a c h in g , th e  e le c tr o n  may recom bines w ith  the hydronium  
io n  acco rd in g  to
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H3 0+  + e “  - r  >  H* +  H2 O*11 tlV
which then  decays to  th e  ground s t a t e  w ith  p ro d u ctio n  o f an H2 O 
lu m in escen ce
H2 0* ■+ H20 +  hvp
The recom b in ation  of th e  e le c tr o n  w ith  the hydronium io n  cou ld  
a l s o  proceed  d i f f e r e n t ly
H,0+  + e " +  H, + OH**
3 m  ^
0H-* -+ OH* +  hv„F
and g iv e  r i s e  to  an h yd roxyl r a d ic a l  e m is s io n .
An ex trem ely  weak lum inescen ce was a ls o  r e p o r te d * 9 upon 
mercury p h o t o s e n s it iz a t io n  o f w a ter . In  t h i s  ex p er im en t, w ater and 
mercury were s to r e d  in  two sep a r a te  branches of a th r ee  branch  
s u p r a s i l  v e s s e l  and then  condensed s im u lta n e o u s ly  by d ip p in g  th e  
th ir d  branch in  l iq u id  n itr o g e n . The condensed ice -m ercu ry  m ixture  
was th en  illu m in a te d  u s in g  th e  254 nm e m iss io n  l in e  o f  a low  
p r e ssu re  mercury a r c . The lu m in escen ce was c en tered  a t  ^380 nm. 
T r i p l e t - t r l p l e t  energy tr a n s fe r  from the mercury to  th e  w ater (w hich  
then  e m itte d )  was su g g ested  as an e x p la n a tio n  fo r  the p resen ce  of 
t h i s  band.
F in a l ly ,  i c e  has a l s o  been rep orted  to  lum in esce  upon r a d io ­
l y s i s .  13 -15  T h is em iss io n  e x h ib ite d  a maximum a t 373 nm and
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p o sse sse d  two decay components ( p o s s ib ly  in d ic a t iv e  of two 
mechanisms for  lu m in escen ce p r o d u c t io n ) , one q u ite  f a s t ,  th e  other  
somewhat s lo w e r . The band con tou rs fo r  both f a s t  and slow  
components were found^1* to  be i d e n t i c a l .  Both components showed an 
In c r ea se  upon a d d it io n  o f NaCl, NaBr, N a l, and HC1 and a d ecrea se  
upon a d d it io n  of H2 O2  and AgNOj. No e f f e c t  was found when CC^COONa 
or CH2  = CHCONH2  (a cry la m id e) was added in  c o n c e n tr a t io n s  as la r g e  
as 1 M, even  though th e se  are known to  be good trap s fo r  s o lv a te d  
e le c tr o n s  and hydroxyl r a d ic a l s . -*11
D eu te r o x id e , in  a d d it io n  to  th e  373 nm band, e x h ib it s  a second  
band w ith  maximum at ^534 nm. This new band i s  not a f f e c te d  by
a d d it io n  of H2 O2 and o n ly  s l i g h t l y  by AgN0 3 » Thus, a d i f f e r e n t
mechanism must be in v o lv e d  in  the p rod u ction  of th e  534 nm band.
T his id ea  i s  supported  by the d i f f e r e n t  tem perature dependences o f
the 373 and 534 nm bands. The 373 nm band a ls o  e x h ib ite d  two 
l i f e t i m e  decay components as m entioned, w h ile  th e  534 nm em iss io n  
was short l iv e d .
F in a l ly ,  a therm olum inescence w ith  maximum at ^335 nm was
o b serv ed * 1* and reached i t s  maximum i n t e n s i t y  upon warming to  120K.
T his band was reduced by the e le c tr o n  sca v en g ers sodium t r i c h lo r o -
a c e ta te  and acry la m id e . I t  was a l s o  found to  in c r e a se  i f  the ic e
was an n ealed  a t - 2 5 °C for  24 hours p r io r  to  c o o lin g  to  77K. S teen
su g g e ste d  th a t t h i s  band and not th e  one a t 373 nm was due to
T i ■> S e m iss io n  of w ater . x 0
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Lum inescence o f  Aqueous Io n ic  Compounds
A lu m in escen ce  o f aqueous io n ic  system s was rep o r ted  by Maria
and McGlynn. 11  T h is lu m in escen ce was q u ite  s im ila r  to  th a t of i c e .
In d eed , G rossw einer and M atheson1  ̂ found th a t  th e  lu m in escen ce  of
ic e  upon r a d io ly s i s  was both in t e n s i f i e d  and s h i f t e d  to  low er
e n e r g ie s  by th e  a d d it io n  o f io n ic  s o lu t e s .  For exam ple, th ey
r ep o r ted  th a t  the maximum fo r  the lu m in escen ce  o f i c e  was s h i f t e d
about 1 2  nm and in t e n s i f i e d  by a f a c to r  of about s ix  upon a d d it io n
o f  NaOH or NaCl. These au thors b e lie v e d  t h i s  lum inescen ce to  a r is e
+ +from  recom b in ation  of the c a t io n s  (Na , K , e t c . )  w ith  a s o lv a te d  
e le c t r o n .  T his id ea  was d ism isse d  by S teen  and H o lten g 11* who showed 
th e  i n t e n s i f i c a t i o n  was probably due to  the an ion s (C l < Br < I  ) .
The p rev io u s au thors (G rossw ein er and M atheson) a l s o  found a second  
peak at < 4̂78 nm when the c a t io n s  Rb+  and C s+ were p r e s e n t . N e ith er  
S teen  and H olten g  nor Maria and McGlynn in v e s t ig a te d  t h i s  f in d in g .
As d is c u ss e d  in  th e  e a r l i e r  s e c t io n ,  Maria and McGlynn11  
su g g e ste d  th a t  th e  observed e m iss io n  was due to  th e  s t a t e  o f th e  
h yd roxy l r a d ic a l  produced in  a c id  and s a l t  s o lu t io n s  by the  
mechanism
X" +  hv X* + e  aq aq aq
e ~  H* + (OH- )*  
aq- aq aq
(OH- )*  +  OH.* + e"
0H»* OH* + hv
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T his mechanism can e x p la in  some o f the observed  phenomena b u t , as 
s ta te d  p r e v io u s ly  the e x c i t a t io n  energy (^ 5 .0  eV) i s  fa r  below  th a t  
r eq u ired  to  produce e x c it e d  h yd roxyl r a d ic a ls  from e i t h e r  w ater  
0^9.1  eV)3® or hydroxide io n s  (*^9.0 eV) . 2 2  F in a l ly ,  t h i s  q u a r te t  
s t a t e  i s  d i s s o c i a t i v e  in  th e  gas phase and probably  does not e x i s t  
long  enough in  low tem perature i c e s  to  g iv e  r i s e  to  a lo n g - l iv e d  
lu m in escen ce ( ^ l s ) .
In  a l l  of th e s e  experim en ts two common f a c t o r s  e x i s t :  f r e e
e le c tr o n s  and w a te r . The spectrum  o f e le c tr o n s  in  w ater and ic e  i s  
w e ll  known and no em iss io n  o f such system s has been r e p o r te d . Other 
common e lem en ts  are a ls o  p resen t in  the same system s: H* , OH*, and
OH • These s p e c ie s  w i l l  be co n sid ered  in  th e  d is c u s s io n .
Review o f  T h e o r e t ic a l  Work
Many c a lc u la t io n s  have been done on th e  ground and e x c ite d  
s t a t e s  o f w ater . These com putations have used v a r io u s  typ es o f  
b a s is  s e t s  and ap p ro x im a tio n s. I t  i s  beyond the scope o f t h is  
d is c u s s io n  to  e v a lu a te  a l l  o f  th e se  c a lc u la t io n s  s in c e ,  in  many 
in s t a n c e s ,  water m erely served  as a co n v en ien t t e s t  ca se  fo r  new 
com p u tation a l modes and t h e o r ie s .  T h er e fo re , o n ly  th o se  papers 
which d e a l d i r e c t ly  w ith  th e  q u e s t io n  of a lo w - ly in g  t r i p l e t  s t a t e  
o f w ater w i l l  be d is c u s s e d .
One of th e  e a r l i e s t  papers on extend ed  b a s is  s e t  H artree-F ork  
c a lc u la t io n s  o f th e  lo w est e x c it e d  s t a t e s  o f w ater was th a t by 
H orsley  and Fink.-®® In t h i s  work, a minimum b a s is  s e t  o f G aussian  
fu n c t io n s  (GTO's) was supplem ented by the a d d it io n  of a d i f f u s e
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o r b i t a l  c e n te r e d  on the oxygen. A ground s t a t e  energy of -7 5 .9 1 1 7  
h a r tr e e s  was c a lc u la te d  and the lo w est e x c it e d  s t a t e  ( 3 B̂  symmetry) 
was found l i e  7 .3  eV h ig h er  ( v e r t i c a l  e x c i t a t i o n ,  i . e . ,  same geom etry  
as ground s t a t e ) .  The p o t e n t ia l  su r fa c e s  o f th e  B ■» s t a t e s  were 
a l s o  s tu d ie d . Both of th e se  e x c it e d  s t a t e s  were found to  be p la n a r , 
th e  t r i p l e t  ly in g  a t 7 .2 2  eV (a d ia b a t ic  t r a n s i t i o n ,  i . e .  geom etry  
rearran gem en t). In a d d it io n , th e  d i s s o c ia t io n  o f th e se  two s t a t e s  
was in v e s t ig a t e d .  Other e x c it e d  s t a t e s  were not s tu d ie d  w ith  
r e sp e c t  e it h e r  to  t h e ir  p o t e n t ia l  s u r fa c e s  or t h e ir  d is s o c ia t io n  
b eh a v io r .
C a lc u la t io n s  fo r  H2 O and H2 O” were done s h o r t ly  a fterw ard s by 
C laydon, S ega l and T a y lo r . 1*0 They used the INDO ap p ro x im a tio n , 1*1 in  
a H artree-F ock  SCF mode, and a minimum b a s is  s e t  which d id  not 
In c lu d e  d i f f u s e  o r b i t a l s .  The lo w est t r i p l e t  s t a t e ,  o f symmetry, 
was found to  be 6 .2 2  eV above the ground s t a t e .  A minimum energy of 
4 .7 6  eV above the ground s t a t e  was found fo r  t h i s  s t a t e  upon geo ­
m etry o p t im iz a t io n  ( a d ia b a t ic  t r a n s i t i o n ) .  The ground s t a t e  energy  
was not g iv en  so  the q u a l i ty  of th e se  c a lc u la t io n s  can not be judged  
by t h i s  m eans. The im portance o f d i f f u s e  fu n c tio n s  in  c a l ­
c u la t io n s  o f e x c it e d  s t a t e s  o f w a ter , how ever, i s  now w e l l  
e s t a b l i s h e d . 1*2  Furtherm ore, th e  INDO ap p rox im ation , which was 
develop ed  fo r  c lo s e d  s h e l l  ground s t a t e  sy ste m s, i s  not a good 
approxim ation  fo r  e x c it e d  s t a t e s .  T h is work has h i s t o r i c a l  
s ig n i f i c a n c e ,  n e v e r t h e le s s ,  s in c e  th e se  were th e  o n ly  c a lc u la t io n s  
ever  rep o r ted  fo r  which an e x c it e d  s t a t e  o f w ater was found low er
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than 6 eV above th e  e q u ilib r iu m  ground s t a t e .
More r ig o r o u s  c a lc u la t io n s  in  the H artree-F ock  scheme were done 
by Hunt and Goddard1*3>**** u s in g  t h e ir  "Improved V ir tu a l O rb ita l"
(IVO) te c h n iq u e . In  t h i s  method, th e  standard Fock o p e r a to r ,
HHr = h +  £ (J  -K ) 
>* 1 3 1
where h^ i s  th e  one e le c tr o n  op erator
h = - 1 /2  V 2  -------y y r y
and J . and K, a re  the coulomb and exchange o p e r a to r s , r e s p e c t iv e ly ,  
3 J
J (y)<j> (y )  = < t . ( v ) | “ - | *  ( v ) | > *  (y) 
J J J
and
K (y)(f) .C.y) = «f> ( v )  |— - ]  <j>.(v)><f> ( y )  
i  1  1 iim 1  Jyv
i s  m o d ified  by d e le t in g  th e  se lf-c o u lu m b  and s e lf -e x c h a n g e  o p era to rs  
( i = j ) .  T h is y ie ld s
H h +  L (2J  -K .)  +  J . +  K.
i  v  i  1 i -  X
where th e  p o s i t i v e  s ig n  g iv e s  the e x c it e d  s in g le t  s t a t e  op erator  and 
th e  n e g a t iv e  s ig n  th a t o f the e x c it e d  t r i p l e t  s t a t e .  S in ce the s e l f  
coulomb and s e lf -e x c h a n g e  term s are d e le t e d , th e  ground s t a t e  g iv e s
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v i r t u a l  o r b i t a l s  which are v a r ia t io n a l ly  c o r r e c t  approxim ations to  
th e  e x c it e d  s t a t e s  ( v e r t i c a l  e x c i t a t io n s ) *  Hence th e se  e n e r g ie s  may 
be o b ta in ed  by adding (or s u b tr a c t in g )  th e  coulomb and exchange  
i n t e g r a l s  fo r  th e  o r b i t a l  d e s ir e d . In  th e  r e s u lta n t  c a lc u la t io n s  of 
w ater s e v e r a l  d i f f u s e  fu n c tio n s  were added to  approxim ate the  
Rydberg ch a r a c te r  of th e  e x c it e d  s t a t e s .  A lo w e s t  e x c it e d  s t a t e  
(2. 3Bi ) was found a t 6 .6 8  eV above th e  ground s t a t e .  No p o t e n t ia l  
s u r fa c e s  were s tu d ie d .
P o t e n t ia l  s u r fa c e s  were c a lc u la te d  fo r  th e  ground and f i r s t  
s t a t e  by Bader and G angi.1*5 »**® They found a v e r t i c a l  e x c i t a t io n  of 
6 .1 1  eV from th e ground to  the h igh er  s t a t e .  The l in e a r  m olecu le  
d id  show a d ecrea se  of t h is  energy d if f e r e n c e  to  4 .5 3  eV but the  
e x p er im en ta l work in d ic a t e s  a v e r t i c a l  t r a n s i t io n  from the  
e q u ilib r iu m  geom etry of the ground s t a t e .  Two hundred and f i f t y  
p o in ts  were c a lc u la te d  in  th e  p o t e n t ia l  s u r fa c e s  o f th e se  s t a t e s  
w ith  a sm a ll ( 5 ,3 /2 )  b a s i s .* *  An extended  b a s is  s e t  ( 1 0 ,5 ,2 / 4 ,1 )  
c o n tr a c te d  to  ( 5 ,3 ,2 /2 ,1 ) ^  was used fo r  s e le c t e d  p o in t s .  T heir  
e q u ilib r iu m  ground s t a t e  energy was found fo r  th e  la r g e r  b a s is  to  be 
-*76.045 h a r tr e e s  o n ly  0 .0 4 4  h a r tr e e s  below th e  e s tim a te d  
H artree-F ock  l i m i t .
**T his n o ta t io n  means 5 s - o r b i t a l s  on th e  oxygen a lo n g  w ith  3 p -  
o r b i t a l s .  The hydrogen atoms had 2 s - o r b i t a l s .  They added an 
a d d it io n a l  d i f f u s e  s fu n c t io n  fo r  the 3Bj s t a t e .
+As above, w ith  2  d - o r b it a l s  added on oxygen and 1  p - o r b it a l  added 
on the hyd rogen s.
S tu d ie s  w ith  C o n fig u r a tio n  M ixing
The p o t e n t ia l  energy su r fa c e s  were c a lc u la te d  beyond the  
H artree-F ock  l e v e l  by H osteny et^ a l . 1*7 These workers used a 4-31G  
b a s is  s e t 110 w ith  added d i f f u s e  s and p fu n c tio n s  cen tered  on the  
oxygen , a l l  w ith  exponent o f 0 .0 2 6 . The H artree-F ock  ground s t a t e
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energy (w ith  bond a n g le  105° and bond le n g th s  of 0.9525A was found  
to  be -7 5 .9 1 2 6  H artrees  w ith  the 3 B_i s t a t e  6 eV above t h i s  energy  
( -7 5 .9 1 2 6  H) fo r  v e r t i c a l  e x c i t a t i o n .  S la te r  determ in an ts fo r  
sev en  double e x c i t a t io n s  were added in  th e  m u lt i-c o n f ig u r a t io n  
s e l f - c o n s i s t e n t  f i e l d  (MCSCF) s t e p .  The c o n f ig u r a t io n s  added were 
thought to  ex p ress  most o f the c o r r e la t io n  energy due to  m olecu lar  
fo rm a tio n . The f i r s t  3B} s t a t e  o f w ater was low ered 0 .6 3  eV ( t o  
-7 5 .7 1 5 2  H) by t h is  c o r r e la t io n  en ergy  at the aforem entioned  
geom etry . The p o t e n t ia l  su r fa ce  fo r  v a r io u s  bond le n g th s  was 
c a lc u la te d  and th e  3Bj s t a t e  was found to  be d i s s o c i a t i v e .  The 
bond a n g le  w as, how ever, f ix e d  at 105° w h ile  the tru e  eq u ilib r iu m  
bond a n g le  fo r  th e  3B̂  s t a t e  i s  probably 180 ° . 1*5
E x te n s iv e  c o n f ig u r a t io n  in te r a c t io n  (C l)  c a lc u la t io n s  fo r  the  
ground and 3Bj s t a t e s  were p resen ted  in  a paper by W inter jit^ a l . 
These c a lc u la t io n s  in c lu d ed  a l l  o f  the s in g le  and double e x c i t a ­
t io n s  from each symmetry o r b i t a l  excep t l a 2 (w hich corresp on d s to  
th e  I s  o r b i t a l  o f the oxygen atom ). The c o n tra c te d  ( 4 s ,  2 p /2 s )  
b a s is  o f D u n n in g 's**3 was used w ith  a d d it io n a l  d i f f u s e  s  and p
^The o r b i t a l  exponents o f  which were both 0 .0 2 8 .
23
fu n c t io n s  cen tered  on the oxygen. The H artree-F ock  ground s t a t e  
en ergy  ( -7 6 .0 1 1 1 4  H) was low ered by 3 .4 7  eV ( -7 6 .1 3 8 6 9  H) w h ile  the  
B s t a t e  o f w ater (H artree-F ock  energy of -7 6 .7 9 0 8  H) was on ly  
low ered  2 .2 1  eV ( t o  -7 6 .8 7 1 9 3  H ). The v e r t i c a l  e x c i t a t io n  energy  
from .the ground to  ^Bj s t a t e  was thus in c r e a se d  from  6 .0  to  7 .2 6  
eV. S e v e r a l h igh er  e x c it e d  s t a t e s  were a l s o  c a lc u la te d  and found  
to  be in  good agreem ent w ith  th e  known e x p er im en ta l e n e r g ie s .
R e s tr ic te d  H artree-F ock  c a lc u la t io n s  were c a r r ie d  out by the  
author in  co n ju n c tio n  w ith  A. L iakus u s in g  a lob e*  g a u ss ia n  program 
(w r it t e n  by G. A. G a llu p ) . A ( 4 ,5 , 2 / 2 , 1 )  c o n tr a c te d  D unning's  
b a s is  s e t 4 9  w ith  added d i f f u s e  s fu n c t io n s  on oxygen (exp on en ts  
eq u a l to  0 .0 2 5  and 0 .0 1 0 )  and hydrogen (exp on en ts eq u a l to  0 .0 1 0 )  
was u sed . T his b a s is  s e t  gave a ground s t a t e  energy of -7 6 .0 5 0 3  H.
The p o t e n t ia l  energy curve for  th e  9 B̂  s t a t e  (w ith  f ix e d  bond 
le n g th s  o f  0 .9572A ) fo r  a sym m etric bending mode was c a lc u la t e d .
The minimum energy was found a t bond an g le  1 1 0 ° , a t which p o in t th e  
energy was 6 .2 5  eV ( -7 5 .8 2 0 5  H) above th e  ground s t a t e .  T his
*Lobe g a u ss ia n  fu n c tio n s  d i f f e r  from c a r te s ia n  ("norm al") g a u ss ia n  
fu n c tio n s  in  th e  angu lar dependence r e p r e s e n ta t io n . In  a c e r ta in  
g a u ss ia n  program t h i s  dependence i s  in p u t as an a lg e b r a ic  
e x p r e s s io n , w h ile  in  a lob e  g a u ss ia n  program t h i s  dependence i s  
c a lc u la te d  by num erical d i f f e r e n t i a t i o n  o f the g a u ss ia n  b a s is  
fu n c t io n . T his tech n iq u e  a llo w s  g r e a te r  f l e x i b i l i t y  in  th e  b a s is  
s e t .  See W hitten , r e fe r e n c e  81 .
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energy d i f f e r e n c e  was found to  in c r e a s e  upon c o n f ig u r a t io n  m ixing  
in  agreem ent w ith  the r e s u l t s  of W inter e t  a l . 1*2  These c a lc u la ­
t io n s  were not pursued fu r th e r .
The t h e o r e t i c a l  work on th e  3B  ̂ s t a t e  o f w ater shows th a t  th e  
assign m en t o f the lum inescen ce o f low -tem p eratu re  aqueous system s  
to  a low ly in g  t r i p l e t  s t a t e  o f w ater i s  a lm ost a ssu r e d ly  
in c o r r e c t .  The r e la te d  lu m in escen ce  of aqueous io n ic  s o lu t io n s  may 
h old  th e  key to  an u n d erstan d in g  o f t h i s  phenomena, s in c e  the  
lu m in escen ce  observed  from ic e  under io n iz in g  r a d ia t io n  cou ld  a r is e  
from a number o f m echanism s.
CHAPTER I I I  
LUMINESCENCE OF AQUEOUS IONIC SOLUTIONS ~
EXPERIMENTAL INVESTIGATIONS
H ydroxide S o lu t io n s
The lum in escen ce o f aqueous hydroxide s o lu t io n s  was r e i n v e s t i ­
ga ted  by the author in  order to  t r y  to  r e s o lv e  th e  c o n tro v e r sy 1 1 ’ 12  
con cern in g  i t s  a ss ig n m en t. As shown in  f ig u r e  1 , th e  f i r s t  e x c i t a ­
t io n  band o f th e  400 nm e m is s io n , o n s e ts  below 210 nm and m axim izes 
betw een ^245-250 nm. Furtherm ore, a sm a ll sh ou ld er  i s  apparent in  
th e  r e g io n  of 280 nm. This sh o u ld e r , which appears s tr o n g e r  in  some 
sp e c tr a  than o th ers  ( s e e  f ig u r e s  2 - 4 ) ,  i s  not u n d erstood . However, 
i t  produces an id e n t i c a l  e m iss io n  as e x c i t a t io n  a t 245 nm.
The em iss io n  band ( c f .  f ig u r e  1) i s  s im ila r  to  v i r t u a l ly  a l l  
e m iss io n  bands observed  fo r  aqueous sy ste m s. T h is band o n se ts  
around 350 nm, in c r e a s e s  very  r a p id ly  to  a maximum betw een 400-410  
nm and then  d e c lin e s  q u ite  s lo w ly , e x h ib it in g  a lo n g , low -en ergy  
" ta il"  w hich f i n a l l y  d isa p p ea rs  around 600 nm.* L i t t l e  in t e n s i t y  
v a r ia t io n  was observed  in  t h i s  spectrum  in  th e  c o n c e n tr a t io n  range 
1 0 -4 -1 0  M.
F igu re 2 d is p la y s  the e f f e c t s  o f v a r io u s  c a t io n ic  s p e c ie s  on 
t h i s  lu m in escen ce . As rep o r ted  p r e v io u s ly , 1 1  th e  in t e n s i t y
*T h is spectrum  and th e  o th e r s  fo llo w in g  i t  have not been c o r r e c te d  
fo r  e i t h e r  lamp output or phototube r e sp o n se .
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Figure 1
E x c ita t io n  and E m ission  S p ectra  of 0 .5  M NaOH @ 77K. E x c ita t io n  
m onitored  w ith  e m iss io n  w avelen gth  of 405 nm. E m ission  m onitored  
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in c r e a s e s  somewhat fo r  th e  h e a v ier  c a t io n s ,  p o s s ib ly  in d ic a t iv e  o f a 
sp in -fo r b id d e n  t r a n s i t io n .  The v a r io u s  c a t io n s  have very  l i t t l e  
e f f e c t  on band shapes or maxima, a lth o u g h  th e  sh ou ld er  a t ^280 nm 
appears to  have in t e n s i f i e d  in  the LiOH spectrum .
The d eu te ro x id e  io n  produces the spectrum  shown in  f ig u r e  3 .
The hydroxide and d eu tero x id e  sam ples were prepared by r e a c t io n  of 
m e t a l l ic  sodium w ith  t r i p l y  d i s t i l l e d  w ater in  th e  f i r s t  c a se  and 
com m ercial D^O (99.8% i s o t o p i c a l l y  pure) in  th e  secon d . In  both  
c a s e s ,  th e  c o n c e n tr a t io n  was 'vO .l M. A s h i f t  i s  observed  in  th e  
e x c i t a t io n  sp e c tr a  fo r  NaOD. The f i r s t  maximum appears to  b lue  
s h i f t  by 'vS nm (^800 cnT^) to  240-245 nm, w h ile  th e  sh ou ld er  a t  280 
nm has a p p a ren tly  in c re a se d  and red s h i f t e d  by ap p roxim ately  the  
same amount. Some of t h is  s h i f t  can be a t tr ib u te d  to  the g r e a te r  
r e s o lu t io n  o f the NaOD spectrum  due to  th e  in c r e a s e  o f the second  
band. T i n t i 50  has ob served , how ever, t h a t ,  fo r  h yd roxy l r a d ic a ls  
trapped  in  a neon m a tr ix , th e  0 , 0  a b so r p tio n  and e m iss io n  l in e s  were 
b lu e  s h i f t e d  from 3 0 8 .1 2  to  3 0 7 .1 2  nm upon d e u te r a t io n . A s im ila r  
s h i f t  i s  p o s s ib le  for  the hydroxide io n .
S in ce  th e  0 ,0  band fo r  hydroxyl has been found around 280 nm in  
i c e  sy s te m s , 1 6 *1 9  we m ight p o s tu la te  a b u ild -u p  o f h y d ro x y l r a d ic a ls  
as th e  e x p la n a tio n  of the shou ld er  and i t s  I n t e n s i f i c a t io n  upon 
d e u te r a t io n . Further d is c u s s io n  o f t h is  p o s s i b i l i t y  w i l l  be 
in c lu d e d  in  C hapter V.
The i n t e n s i t y  of the lum in escen ce in c r e a s e s  g r a d u a lly  w ith  tim e  
fo r  n on -d egassed  sam ples whereas the i n t e n s i t y  i s  c o n sta n t when the
29
F igu re  2
E x c ita t io n  and E m ission  S p e c tr a , n on gassed , o f 0 .5  M CsOH 
sa tu r a te d  s o lu t io n  of BaCOH^'S^O (^ 0 .3  M), and o f  0 .3 4  1 
E m ission  m onitored  w ith  e x c i t a t io n  w avelength  of 250 nm. 
m onitored  w ith  e m iss io n  w avelength  o f 400 nm.
o f a 
[ LiOH. 





















E m ission  and E x c ita t io n  S p ectra  o f 0 .0 8 1 8  M NaOH and o f 0 .1 0  M NaOD. 
E x c ita t io n  m onitored  w ith  e m iss io n  w avelen gth s of 410 and 400 nm, 
r e s p e c t iv e ly .  E m ission  m onitored w ith  e x c i t a t io n  w avelen gth s of 245 
and 288 nm, r e s p e c t iv e ly .  The e m iss io n  o f NaOD w ith  e x c i t a t io n  of 
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sample i s  d eg a ssed . I t  had heen rep o rted ^ 1 p r e v io u s ly  th a t rem oval 
o f  oxygen in c re a se d  th e  lum in escen ce i n t e n s i t y .  T h is e f f e c t  was 
a t tr ib u te d  to  oxygen quenching o f the p h osp h orescen ce. The slow  
tem poral in c r e a s e  observed  in  n on -d egassed  sam ples i s  in d ic a t iv e  of 
a d i f f e r e n t  mechanism. S in ce  oxygen i s  a good trap  fo r  both s o l ­
va ted  e le c tr o n s  and hydrogen atom s, the slow  In c r ea se  in  tim e may be 
in d ic a t iv e  o f d e p le t io n  o f the oxygen v ia  r e a c t io n  w ith  in te r m ed ia te  
s p e c ie s .  H ydroxide i s  known to  decompose to  h yd roxyl r a d ic a ls  and 
e le c tr o n s  as w e ll  as to  hydrogen atoms and o x id e  io n s 2  ̂ upon 
p h o t o ly s i s ,  and some o f th e se  e n t i t i e s  may w e l l  be th e  r e q u is i t e  
in te r m e d ia te  s p e c ie s .  '
Hydrogen p erox id e i s  a ls o  a good trap  fo r  e le c tr o n s  and H-atoms 
but not fo r  h yd roxyl r a d ic a l s .  T h er e fo re , a sample c o n ta in in g  0 .5  M 
NaOH and M ).9 M H2 O2  was p rep a red .*  No lu m in escen ce was ob served , 
su g g e s t in g  as does th e  slow  tem poral in c r e a s e  ju s t  d is c u s s e d , th a t  
e i t h e r  th e  s o lv a te d  e le c tr o n  or the hydrogen atom i s  a p recu rsor  to  
th e  lu m in escen ce e v e n t .
S e v e r a l a d d it io n a l  s o lv e n ts  were in v e s t ig a t e d .  M ethyl a lc o h o l  
e x h ib ite d  c o n s id e r a b le  s o lv e n t  lu m in escen ce even  a f t e r  e x te n s iv e  
p u r i f i c a t io n .  D i s t i l l a t i o n  over s u lp h a n i l ic  a c id  was f i n a l l y  found 
t o  reduce t h i s  s e l f - e m is s io n .  Upon a d d it io n  o f 'ViO.l M NaOH, a lum i­
n escen ce  id e n t i c a l  to  the s o lv e n t  s e lf - lu m in e s c e n c e  reappeared .
T his spectrum  i s  shown in  f ig u r e  4 . T h is lu m in escen ce i s  somewhat
*3% H2 O2  by w e ig h t .
Figure 4
E x c ita t io n  and E m ission  S p ectra  o f 0 .1  M NaOH in  MeOH. E x c ita t io n  
m onitored  for  390 nm e m iss io n  w ave len g th . E m ission  m onitored for  
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d if f e r e n t  from th at observed in  aqueous sy ste m s. The e x c i t a t io n  
shows an in te n s e  peak a t 220-225 nm w ith  a much sm a ller  one a t  <v265 
nm. The e m iss io n  i s  a l s o  b lu e  s h i f t e d  from aqueous sy ste m s, the  
o n set o c c u r r in g  at ^325 nm and the maximum a t  ''■<380-385 nm. A gain , a 
r a th er  lo n g  " ta il"  p e r s i s t s .  T h is e m iss io n  was a l s o  c o n s id e r a b ly  
s tr o n g e r  than th a t  observed  fo r  aqueous sy ste m s.
The f a c t  th a t an id e n t i c a l  lu m in escen ce was observed  b efore  
treatm en t w ith  s u lp h a n i l ic  a c id  p rev en ts  us from r u lin g  out the  
m ethoxide io n  as the p o s s ib le  e m itt in g  s p e c ie s  a t t h i s  t im e . Even 
though t h i s  io n  i s  a much s tr o n g e r  base than h y d ro x id e , a sm a ll 
amount may have been formed when th e  s o lu t io n  was made. In e i t h e r  
ca se  t h i s  spectrum  i s  i n t e r e s t in g .
E th an ol was a ls o  in v e s t ig a te d  as a s o lv e n t .  NaOH i s  s l i g h t l y  
s o lu b le  In t h i s  s o lv e n t  and i t  forms a good g la s s  at 77K. No 
e m iss io n  was ob served . E thanol does not tra p  fr e e  e le c tr o n s  but can 
r e a c t  w ith  both hydrogen atoms and h yd roxyl r a d ic a l s .  S in ce  
hydrogen p erox id e  tra p s  e le c tr o n s  and hydrogen atoms and e th a n o l  
tr a p s  h yd roxyl r a d ic a ls  and hydrogen atom s, th e  fa c t  th a t n e ith e r  
system  e x h ib i t s  lu m in escen ce ten d s to  su g g e st  th a t  th e  lum inescen ce  
p recu rsor  i s  e it h e r  th e  hydrogen atom or a com b ination  of OH* and 
e " .
A c e t o n it r i l e  and g ly c e r o l  were a l s o  in v e s t ig a te d  as s o lv e n t s  
but both  e x h ib ite d  u n a ccep ta b le  amounts o f s e l f - e m is s io n .  
L um inescence o f  A cids and S a l t s
A lu m in escen ce  s im ila r  to  th a t o f the hydroxide io n  i s  found in
Figure 5
E x c ita t io n  and E m ission  S p ectra  o f 0 .0 9 2  M KBr and o f 0 .1 8  M KI. 
E x c ita t io n  m onitored w ith  e m iss io n  w avelen gth s o f 430 and 420 nm, 
r e s p e c t iv e ly .  E m ission  m onitored w ith  e x c i t a t io n  w avelen gth s of 270 
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aqueous system s of some s a l t s  and a c id s .  For exam ple, In  f ig u r e  5 , 
th e  lu m in escen ce sp e c tr a  of KBr and KI a re  shown. The onset fo r  
both i s  '\<350 nm, as i s  observed  for  h y d ro x id e . The maxima have 
s h i f t e d  somewhat ( t o  420-430 nm) but the band shape and th e  low  
energy " t a i l"  fo r  each are v ery  s im ila r  to  th a t  observed  fo r  
h y d ro x id e .
W hile the e m iss io n  sp e c tr a  o f both s a l t s  are s im i la r  to  hydr­
o x id e , the e x c i t a t io n  sp e c tr a  o f a l l  th r ee  e n t i t i e s  are very  d i f ­
f e r e n t .  The bromide e x c i t a t io n  spectrum  i s  f a i r l y  sym m etric w ith  a 
s in g le  maximum near 260 nm and a FWHM* o f  ap p rox im ate ly  70 nm. The 
e x c i t a t io n  sp e c tr a  fo r  io d id e ,  on th e  o th er  hand, i s  both low er in  
en er g y , w ith  maximum near 280 nm, and narrow er, w ith  FWHM o f 30 nm 
than th a t of brom ide.
The bromide e m iss io n  was found to be g r e a t ly  reduced upon 
r e c r y s t a l l i z a t io n  from w ater thus im p ly in g  th a t  some w ater so lu b le  
im p u rity  i s  in v o lv e d  in  th e  e m iss io n  of th e se  s a l t s .  S in ce th e  
e m iss io n  o f  hydroxide system s i s  q u ite  s im ila r  to  th a t  o f the  
u n p u r lf ie d  KBr, i t  might be reasoned  th a t  th e  im p u rity  in  q u e s t io n  
fo r  bromide system s i s  the h ydroxide io n  i t s e l f .  As can be seen  in  
■figure 6 , how ever, th e  lum in escen ce i s  seen  even  in  co n cen tra ted  
a c id  s o lu t io n .  The e x c i t a t io n  fo r  HI i s  s im ila r  to  th a t  of KI.
However, th e  HI e m iss io n  m axim izes a t ^400 in s te a d  o f  ^.420.nm as in  
KI.
* F u ll  w id th  a t  h a lf  maximum.
Figure 6
E x c ita t io n  and E m ission  S p ectra  o f M ..3  M HI. E x c ita t io n  m onitored  
w ith  e m iss io n  w avelength  o f 400 nm. E m ission  m onitored w ith  e x c i t a ­
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The io d id e  and bromide e n t i t i e s  are io n s  which p o s s e s s  absorp­
t io n  bands known as Charge T ra n sfer  to  S o lv e n t  (CTTS).5  ̂ In  t h is  
ty p e  o f t r a n s i t io n ,  the io n , upon p h o t o ly s i s ,  lo s e s  an e le c tr o n  to  
th e  s o lv e n t  so th a t  a s o lv a te d  e le c tr o n  and a f r e e  r a d ic a l  are  
produced. These typ es of t r a n s i t io n s  are s e n s i t iv e  not o n ly  to  th e  
s o lv e n t  but to  the c o n c e n tr a t io n  o f o th er  s p e c ie s  and to  th e  
tem p era tu re . The s im i la r i t y  o f the e x c i t a t io n s  fo r  HI and KI seem  
t o  I n d ic a te  th a t  the lum in escen ce o f th e se  s a l t s  and a c id s  are  
i n i t i a t e d  by a CTTS p r o c e s s . We th e r e fo r e  in v e s t ig a te d  s e v e r a l  
o th er  known CTTS io n s  fo r  t h i s  lu m in escen ce .
In  f ig u r e  7 , th e  e x c i t a t io n  and e m iss io n  sp e c tr a  of sodium  
th io c y a n a te  are p r e se n te d . The e m iss io n  s p e c tr a , by now f a m il ia r ,  
are norm al. The e x c i t a t io n  sp e c tr a  show c o n c e n tr a t io n  e f f e c t s .  At 
low c o n c e n tr a t io n s  the sample i s  p o ly c r y s t a l l in e ;  th e  e x c i t a t io n  
o n se t  i s  ^225 nm, th e  maximum appears a t ^260 nm w ith  a sh ou ld er  
around 285 nm. The lu m in escen ce v a n ish e s  fo r  e x c i t a t io n  w avelen gth s  
above 325 nm. At h igh  c o n c e n tr a t io n s  ( 8  M), th e  sample i s  a g la s s  
and th e  e x c i t a t io n  o n se t i s  ^240 nm w ith  a maximum a t 280 nm and 
t o t a l  l o s s  o f s ig n a l  around 345 nm. T h is c o n c e n tr a t io n  e f f e c t  I s  to  
be e x p ec ted  i f  th e  lu m in escen ce t r u ly  o r ig in a t e s  from a CTTS 
t r a n s i t io n .
In f ig u r e  8 , th e  sp e c tr a  o f h ydroxide and h y d r o s u lf id e  are com­
p ared . The h y d r o su lf id e  e m iss io n  i s  s h i f t e d  c o n s id e r a b ly  from th a t  
o f  h y d ro x id e , th e  on set o ccu r in g  a t  ^370 nm and th e  maximum a t ^430 
nm. The e x c i t a t io n  o f h y d r o s u lf id e  i s  a l s o  d i f f e r e n t  from  a l l  p r e -
43
F igure 7
E x c ita t io n  and E m ission  S p ectra  of 0 .1  M and o f 8  M NaSCN.
E x c ita t io n  m onitored w ith  e m iss io n  w avelen gth s of 415 and 410 nm, 
r e s p e c t iv e ly .  E m ission  m onitored w ith  e x c i t a t io n  w avelen gth s of 258 
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Figure 8
E x c ita t io n  and E m ission  S p ectra  o f 0 .4  M NaSH and o f 0 .5  M NaOH. 
E x c ita t io n  m onitored w ith  em iss io n  w avelen gth s of 430 and 405 nm, 
r e s p e c t iv e ly .  E m ission  m onitored w ith  e x c i t a t io n  w avelen gth s o f  300 
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v io u s  io n s .  The e x c i t a t io n  band o r ig in a t e s  around 225 nm, r i s e s  to  
a sh ou ld er  about 270 nm and peaks a t  ^305 nm. The FWHM o f  th e  305 
nm peak i s  ap p roxim ately  40 nm.
R e la t io n sh ip  to  CTTS
A ll  o f th e se  io n s ,  in c lu d in g  hydroxide io n , are known to  
p o s s e s s  CTTS t r a n s i t i o n s .  As s t a t e d ,  th e se  a b so r p tio n  bands are  
q u ite  s e n s i t i v e  to  s o lv e n t  and s o lv e n t  s t a t e ,  c o n c e n tr a t io n , tem per­
a tu r e , and even  p r e ssu r e . For exam ple, th e  f i r s t  a b so r p tio n  band of 
io d id e  s h i f t s  a lm ost 50 nm (1 0 ,0 0 0  cm""*) when an ammonia s o lv e n t  i s  
r e p la c e d  by g l y c e r o l .5* The tem perature dependence5* o f  the f i r s t  
a b so r p tio n  band o f io d id e  io n  in  w ater i s  on th e  order o f - 1 2
cm- * /d e g r e e .  T h is f ig u r e  was ob ta in ed  in  l iq u id  s o lu t io n  and
changes of s t a t e  would g e n e r a lly  not f i t  t h i s  p a tte r n  s in c e  the  
sample i s  now in  a "new" s o lv e n t .  I t  would be in t e r e s t in g  
to  stu d y  th e  d e t a i le d  e f f e c t s  of g la s s  fo rm a tio n , fo r  exam ple, on 
th e se  t r a n s i t io n s .
B ecause o f th e  s o l id  s t a t e , we would not presume to  se e  a 
normal tem perature e f f e c t  on th e se  t r a n s i t io n s .  In d eed , we would
not ex p ec t even  to  see  an id e n t i c a l  s h i f t  fo r  a l l  io n s  upon go in g  to
77K. However, we m ight fo r e c a s t  some g e n e r a l tren d  in  th e  s h i f t  
from  a b so r p tio n  maximum a t room tem perature to  th e  e x c i t a t io n  
maximum a t 77K. In Table I ,  t h i s  com parison i s  made. In each  c a s e ,  
as e x p e c te d , the e x c i t a t io n  maximum i s  lower, in  energy than the
^A r e c e n t  stu dy has been found , se e  r e fe r e n c e  82 .
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Table I .  S h if t  between a b so r p tio n  maximum of f i r s t  CTTS t r a n s i t io n  
in  water (20°C ) and e x c i t a t io n  maximum fo r  e m iss io n  in  ic e  
(77K ). U n its  o f cm- -1 x  10^.
S p e c ie s  A bs. Max. Ex. Max. E
I~ 4 4 .3  3 7 .0  7 .3
Br" 4 9 .1  4 1 .6  7 .5
OH" 5 3 .5  4 0 .0  1 3 .5
SH" 4 3 .5  ' 3 2 .7  1 0 .8
SCN" 4 5 .0  3 8 .5  6 .5
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a b so r p tio n  maximum in  w ater a t room tem perature and, for  I ~ , Br- , 
and SNC“ , the s h i f t s  are o f the same order o f m agnitude.
The s h i f t s  fo r  hydroxide and h y d r o s u lf id e , w h ile  s im ila r  to  
each  o th e r , are la r g e r  than th e  o th er  th r ee  sy ste m s. Hydrogen 
bonding to  the s o lv e n t  might be invoked to  e x p la in  th e se  l a t t e r  
c a s e s .  However, ev id en ce  has a lrea d y  been p resen ted  t h a t ,  in  the  
case o f h y d ro x id e , the hydrogen atom i s  a l i k e l y  p recu rsor  to  the  
lu m in escen ce . I f  t h is  s p e c ie s  i s  a ls o  in v o lv e d  in  th e  lum in escen ce  
o f h y d r o s u lf id e , th e  anomaly becomes u n d ersta n d a b le . The tr a n s fe r  
o f a hydrogen atom to  s o lv e n t ,  which we term HTTS, would be exp ected  
to  be more g r e a t ly  s h i f t e d  from the CTTS a b s o r p t io n . I f  the CTTS 
a b so r p tio n  band in v o lv e s  a s t a t e  w ith  Rydberg c h a r a c te r , as has been 
s u g g e s te d , 52  a com peting r e a c t io n  o f bond d i s s o c ia t io n  might w e ll  
o ccu r . T h is com peting r e a c t io n  might take preced en ce over e l e c ­
tro n  t r a n s fe r  in  some in s ta n c e s  ( e . g . ,  in  s tr o n g ly  hydrogen bonded 
system s such as aqueous hydroxide a t  low te m p e r a tu r e s ) .
As s ta te d  p r e v io u s ly  the lu m in escen ce o f KBr (and , h en ce , pro­
bably a l l  o f  th e  CTTS a n io n s*  ex c ep t OH and SH ) v i r t u a l l y  d i s ­
appears upon p u r i f i c a t io n .  T h er e fo re , th e  e m is s io n , which e v id e n t ly  
i s  i n i t i a t e d  by a CTTS t r a n s i t i o n ,  must be th e  r e s u l t  of a recom bin­
a t io n  o f  th e  f r e e  e le c tr o n  and some im p u rity . Based on th e  ev id en ce  
th a t  th e  h ydroxide e m iss io n  has a hydrogen atom p recu rsor  and th e
*The e m iss io n  of SCN’" was not reduced upon e x te n s iv e  p u r i f i c a t i o n ; 80  
how ever, i s o t h io c y a n ic  a c id  may s t i l l  have been p r e s e n t .
Figure 9
E x c ita t io n  and E m ission  S p ectra  of 10 M M KBr and 10 M
H£SOij. E x c ita t io n  m onitored w ith  em iss io n  w avelen gth s of 420 and 
400 nm, r e s p e c t iv e ly .  E m ission  m onitored w ith  w avelength s of 240 
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resem blance o f th e  lu m in escen ce of i c e  under io n iz a t in g  r a d ia t io n  to
th e  lu m in escen ces  we have ob serv ed , th e  im p u rity  was p o s tu la te d  to  
4*be H . P u r if ie d  KBr was th e r e fo r e  added to  a c id  s o lu t io n .  The
r e s u l t s  are p resen ted  in  f ig u r e s  9 -1 2 . U n fo r tu n a te ly , th e  a c id s
th em se lv es  p o s s e s s  a s l i g h t  s e l f - e m is s io n  and i t  becomes n e c e ssa r y  
to  p resen t the sp e c tr a  o f both the a c id  and th e  acid:K Br s o lu t io n s .
In  f ig u r e  9 , th e  spectrum  of 10 M HjjSOi* i s  compared to  th a t  of 
10 M H2 S0 ^ : 1  M KBr. As i s  e v id e n t ,  a la r g e  In c r ea se  of the e x c i t a ­
t io n  peak a t *''240 nm i s  o b served . This peak i s  comparable to  the  
e x c i t a t io n  peak observed  fo r  co n cen tra ted  HBr ( a ls o  a t  '''240 nm).
The probable e x p la n a tio n  o f the d i f f e r e n c e  between t h i s  e x c i t a t io n  
band and th a t  of f ig u r e  4 i s  a sim ple c o n c e n tr a t io n  s h i f t .  The
e m iss io n  maximum l i e s  a t '''415-420 nm.
The same phenomenon i s  a l s o  observed fo r  1 M H2 S0 i , : l  M KBR 
( f ig u r e  1 0 ) . In  t h i s  sample the su lp h u r ic  a c id  s e l f - e m is s io n  i s  
somewhat la r g e r  and, as a r e s u l t ,  the i n t e n s i f i c a t i o n  observed  i s  
on ly  a fa c to r  of tw o. A gain , how ever, o n ly  one band o f the "pure"
H^SO  ̂ e x c i t a t io n  spectrum  i n t e n s i f i e s .  The e x c i t a t io n  maximum of 
1 M-H2 S0tj:l M KBr s h i f t s  s l i g h t l y  to  ^245 nm, fu r th e r  ev id en ce  o f a 
c o n c e n tr a t io n  e f f e c t .
F in a l ly ,  in  f ig u r e  11 th e  su lp h u r ic  a c id  i s  rep la ced  by phos­
p h o r ic  a c id . - A gain , a tw o -fo ld  i n t e n s i f i c a t i o n  i s  ob served . The 
e x c i t a t io n  maximum fo r  1 M HgPOifjl M KBr l i e s  a t  '''245 nm as in  th e  
p rev io u s  sam ple.
53
A s im ila r  experim ent was perform ed w ith  N a l. However, s in c e  
t h i s  compound r e a c t s  r a p id ly  w ith  s u l f u r ic  a c id ,  h y d r o flu o r ic  a c id  
was s u b s t i t u t e d .  Both system s em it f a i n t l y .  Upon jo in t  s o lu t io n ,  
how ever, a la r g e  in c r e a s e  of i n t e n s i t y  was observed  ( f ig u r e  1 2 ) .
The e x c i t a t io n  maximum l i e s  a t ^275 nm ( i . e . ,  the e x c i t a t io n  i s  
id e n t i c a l  to  th a t  o f th e  p rev io u s io d id e  e m is s io n s ) .  A y e llo w  
d is c o lo r a t io n  of the ic e  a t the p o in t o f i r r a d ia t io n  was noted  in  
t h i s  sample probably due to  p ro d u ctio n  o f I* or I 2 .
I t  i s  somewhat s p e c u la t iv e  to  a s s e r t  th a t  th e  in c r e a s e  o f
i n t e n s i t y  fo r  the a c id i f i e d  s o lu t io n s  i s  due to  charge recom b in ation
■hlu m in escen ce o f H3 O and e  . However, t h i s  r e a c t io n  seems to  be the  
most l ik e l y  e x p la n a tio n . C e r ta in ly , th e  lum inescen ce i s  due to  
charge recom b in ation  of some c a t io n ic  s p e c ie s  w ith  a f r e e  e le c tr o n  
but the id e n t i t y  of th e  c a t io n , i f  i t  i s  not H3 0^", i s  y e t  to  be 
d e t e r -  m ined. I f  th e  hydronlum io n  i s  the p recu rsor  to  e m is s io n , as 
has been su g g e ste d  p r e v i o u s l y , i t  cou ld  upon recom b in ation  
produce lu m in escen ce by at l e a s t  two m echanism s:
H3 0+  +  e"  ^  H3 0«* -j- H« + H2 0*
HoO* HoO + hv
■ ■ P
T his mechanism20  seems im probable in  l i g h t  o f our e a r l i e r  d i s ­
c u s s io n . A second mechanism i s :
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F igure 10
E x c ita t io n  and E m ission  S p ectra  o f 1 M l^SOi*:! M KBr and of 1 M 
HjSO^. E x c ita t io n  m onitored w ith  e m iss io n  w avelen gth s of 420 and 
410 nm, r e s p e c t iv e ly .  E m ission  m onitored w ith  e x c i t a t io n  w avelen gth s  
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Figure 11
E x c ita t io n  and E m ission  S p ectra  o f 1 M HgPO^:! M KBr and of 1 M 
H3 PO4 . E x c ita t io n  m onitored a t e m iss io n  w avelen gth s o f 420 and 400 
nm, r e s p e c t iv e ly .  E m ission  w avelength  m onitored a t e x c i t a t io n  wave­
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Figure 12
E x c ita t io n  and E m ission  S p ectra  o f 0 .5  M H F:0.5 M N a l, o f 0 .5  M N a l, 
and of 0 .5  M HF. E x c ita t io n  m onitored a t e m iss io n  w avelength s of 
410 , 410 , and 420 nm, r e s p e c t iv e ly .  E m ission  m onitored a t 2 7 7 , 275 
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H3 0+ +  e~  ■+ H3 0**
H3 0«* + H3 0. +  hv 
HaO* -+ H* +  H2 0
At th e  p resen t tim e th e  ground s t a t e  o f  th e  hydronium r a d ic a l  
appears to  be u n sta b le  w ith  r e sp e c t  to  d i s s o c ia t io n  to  H* and H2 0 in  
th e  gas p h a sed 5 A ll  experim en ts rep orted  here how ever, were 
c a r r ie d  out in  an ic e  m atrix  a t low tem p era tu res , which may or may 
not g iv e  added s t a b i l i t y  to  the ground s t a t e .
Many re ce n t s tu d ie s  in to  excim ers have shown th a t e x c it e d  s t a t e  
com plexes can form even when th e  ground s t a t e  com plex i s  u n s ta b le .  
Further d is c u s s io n  o f t h is  p o s s i b i l i t y  w i l l  be found in  Chapter V.
CHAPTER IV
ON THE HYDRONIUM RADICAL
T h e o r e t ic a l  C o n sid e r a tio n s
The p o s s ib le  e x is t e n c e  of f r e e  r a d ic a ls  o f th e  type HA», where 
A i s  a hydrogen bond a ccep to r  m olecu le  (o r  i o n ) ,  was proposed by H. 
J . B e r n s te in . 5 3  He assumed th a t  th e  bond d i s s o c ia t io n  energy D(H-A) 
i s  g iv en  by
i s  th e  en th a lp y  of hydrogen bond form ation  of A w ith  the donor X-H. 
This assum ption  i s  c o r r e c t  on ly  i f  AHj(X-HA) -  AH^(XH-A); th a t  i s ,  
i f  th e  hydrogen atom i s  in  a s in g le - w e l l  p o t e n t ia l  between X and A.
A Morse p o t e n t ia l*  was taken as a model p o t e n t ia l  so  th a t D(X-H) and
D(X-HA) cou ld  be found u s in g  IR d ata  fo r  V(X-H) and v(x-H A ). For
OH bonds, th e  v a lu e  ob ta in ed  in  t h i s  way was 5 -2 5  K ca l/m o le . S ince
t y p ic a l  hydrogen bond s tr e n g th s  l i e  in  th e  range 2 -8  K ca l/m o le , 
B e r n s te in  e s t im a te d  th a t  t h is  new type o f f r e e  r a d ic a l  had a 
s t a b i l i t y  o f 7-33  K ca l/m o le .
S h o r tly  th e r e a f te r  a l e t t e r  from T. J .  Sw orskl51* provided
D(H-A) = D(X-H) -  D(X-HA) -  AH
where
-AH = D(XH-A) = AHf (A) +  AHf (X-H) -  AHf (XH-A)
*V (r) = D&[ l - e ’"a ^r”r e .̂ fo r  w hich: ^
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k in e t i c  e v id en ce  fo r  th e  e x is ta n c e  o f th e  hydronium r a d ic a l  as a 
p recu rso r  to  m olecu lar  hydrogen form ation  in  th e  p r o c e ss  of w ater
•j*
r a d i o ly s i s .  In  a stu dy of the e f f e c t s  o f s o lu te s  on G(H2 ) Sw orski
showed55  th a t  th e  precu rsor  to  t h i s  p r o cess  d isap p eared  by a f i r s t
order k i n e t i c  r o u te . S w o rsk i's  in v e s t ig a t io n s  in v o lv e d  the p r o c e ss
Ce"^ -*■ Ce+ 5 in  ir r a d ia te d  n i t r a t e  s o lu t io n s  hence i t  was shown th a t
th e  r e d u c tio n  o f cerium  was in v e r s e ly  p r o p o r tio n a l to  the
c o n c e n tr a t io n  o f n i t r a t e  but independent o f pH. The known r a te
c o n s t a n t s , 8 . 15  x  10  ̂ M" ŝ'"  ̂ and 2 .0 6  x  1010 M * s  * fo r  the
n i t r a t e  and hydronium io n s ,  r e s p e c t iv e ly ,  fo r  r e a c t io n  w ith  e were
adequate to  p ro v e , s in c e  th e  r e d u c tio n  p r o c e ss  was independent o f
pH, th a t  e~ was not in v o lv e d  in  th e  r e a c t io n ,  
aq
F o llow in g  th e se  f i r s t  p a p ers, numerous workers have attem pted  
to  a s s e s s ,  quantum c h e m ic a lly , th e  s t a b i l i t y  o f ^ 0 * and the r e la te d  
s p e c ie s  NHij*. A b r ie f  d is c u s s io n  o f th e se  c a lc u la t io n s  f o l lo w s .
The e a r l i e s t  c a lc u la t io n s  were s i n g l e - c e n t e r ,5 7 »s ® th a t  i s ,  
com b inations o f S la te r  determ in an ts composed o f o r b i t a l s  a l l  
cen tered  on the heavy atom were u se d . A l l  c a lc u la t io n s  found th e  
HjO* r a d ic a l  to  be s ta b le  w ith  r e sp e c t  to  a u t o io n iz a t io n ,  but 
therm odynam ically  u n sta b le  because th e  independent w ater-h yd rogen  
atom system  was of low er en ergy . P o t e n t ia l  energy curves how ever, 
were not c a lc u la te d .
Extended b a s is  s e t  r e s t r ic t e d  SCF c a lc u la t io n s  were performed
G(H2) = number of m o lecu les  produced per 100 eV in c id e n t  en ergy .
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by Bader and G angi. 2 5  They used th e  same b a s is  s e t  a s fo r  w a ter ,
(se e  r e fe r e n c e  45) w ith  an added d i f f u s e  s o r b i t a l  cen tered  on th e
oxygen, i . e .  an ( 1 1 , 5 , 2 / 4 , 1 )  p r im it iv e  s e t  co n tra c te d  to
( 6 , 3 , 2 / 2 , 1 ) .  The op tim al geom etry was c a lc u la te d  to  be C3v w ith  0-H
©
bond le n g th s  o f 0.9837A  and bond a n g le s  of 1 1 1 .7 7 ° . The energy for  
t h i s  c o n f ig u r a t io n  was found to  be -7 6 .4 9 6  h a r tr e e s .  T h is energy i s  
c o n s id e r a b ly  ( 30 K ca l/m ole) above th e  - 7 6 . 5 4 3  h a r tr e e s  found* fo r  
th e  sep a ra ted  system . A b a r r ie r  o f 6 . 6  K cal/m ole to  d i s s o c ia t io n  
was fou n d , how ever, which le d  th e  au th ors to  surm ise th a t  t h is  
r a d ic a l  might be s ta b le  in  low tem perature m a tr ic e s . These au thors  
a ls o  c a lc u la te d  a b a r r ie r  to  in v e r s io n  o f  ^2 K cal/m ole and an 
io n iz a t io n  p o t e n t ia l  o f 4 .6  eV. F in a l ly ,  th e  e x c it e d  s t a t e s  
c a lc u la te d  a t the minimum energy geom etry were found to  have 
v e r t i c a l  e x c i t a t io n  e n e r g ie s  o f 4 .4  eV ( 2E *■ ZA^) and 5 .2  eV ( 2 Aj 
2 Ax) .
S e v e r a l o th er  p ap ers5 9 - 6 2  have d e a lt  w ith  th e  hydronium r a d ic a l  
in  cu rsory  fa s h io n . Lathan e t  a l . , 59  u s in g  ST0-3G and 4-31G b a s is  
s e t s ,  found a minimum energy fo r  a hydrogen bonded hydroxyl 
r a d ic a l-h y d r o g e n  m olecu le  sy stem , th e  d i s s o c ia t io n  to  the f r e e  
s p e c ie s  being endotherm ic by 0 .6  K ca l/m o le . This com plex was a l s o  
found to  be o f low er energy than th a t of the sep a ra ted  w a te r -
*The c a lc u la te d  energy of w ater in  t h i s  b a s i s ,  -7 6 .0 4 3  + 0 . 5  
h a r tr e e s  ( s in c e  th e  energy o f th e  hydrogen atom by d e f in i t io n  i s  
0 .5  h a r t r e e s ) .
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hydrogen atom system . This erroneous r e s u l t  was a t t r ib u te d  to  la ck  
o f p o la r iz a t io n  fu n c tio n s  (p o r b i t a l s )  on th e  hyd rogen s. B lu s t in  
and L in n e t t , 60  u s in g  th e  F lo a t in g  S p h e r ic a l G aussian  O r b ita l (FSGO) 
method (a m odel, in  which o r b i t a l s  are p o s it io n e d  betw een atom s, 
which was developed  "not to  o b ta in  an a cc u r a te  s o lu t io n  o f  the  
Schrodinger wave eq u a tio n  but ra th er  to  develop  a r e l a t i v e l y  sim ple  
scheme o f  c a lc u la t io n s  and p o s s ib ly  g iv e  a l te r n a t e  and perhaps 
improved co n cep ts  fo r  und erstand ing  ch em ica l phenomena"6 3 ) ,  found 
both H2 O +  H* and +  OH* com plexes to  be s l i g h t l y  s ta b le  and to  
e x h ib it  a s tro n g  d ip o le /in d u c e d  d ip o le  c h a r a c te r .
W ebster , 61  in  a stu d y  of the mechanisms o f  g e n e r a tio n  of the  
hydrated  e le c t r o n ,  d is c u ss e d  th e  form ation  o f H3 O* as
- f -  —-
H3 O +  e  ■+ HgO*
The r a d ic a l  cou ld  e i t h e r  d i s s o c ia t e  in to  H^O +  H* or lo s e  an e l e c ­
tro n  to  reform  th e s t a r t in g  s p e c ie s .  The momentary r e te n t io n  o f an 
e le c tr o n  in  t h i s  manner, and th e  s u p p o s it io n  th a t t h i s  r e te n t io n  was 
a s ig n i f i c a n t  s te p  in  the form ation  o f  the s o lv a te d  e le c t r o n ,  was 
d isco u n ted  s in c e  th e  r e la x a t io n  o f th e  s o lv e n t  cage ('vlCT1 0  s )  would  
be much lon ger  than th e  tim e o f developm ent o f th e  s o lv a te d  e le c tr o n  
spectrum  ('vlO'T1 2  s ) .
E fsk in d 62  used se m ie m p ir ic a l INDO te c h n iq u e s  to  ad d ress th e  
q u e s t io n  o f w hether th e  hydronium r a d ic a l  was s ta b le  in  aqueous 
s o lu t io n .  He found , in d e e d , a s ta b le  gas phase r a d ic a l  but a l l  of
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th e  r a d ic a l  com plexes w ith  w ater were p r e d ic te d  to  be u n s ta b le .
The q u e s t io n  of th e  g as-p h ase  s t a b i l i t y  o f th e  hydronium  
r a d ic a l  seems to  have been la id  to  r e s t  by th e  work o f N ib la eu s e t  
a l . 6** who s tu d ie d  p o t e n t ia l  energy  su r fa c e s  u s in g  u n r e s tr ic te d  
H artree-F ock  c a lc u la t io n s  w ith  c o n f ig u r a t io n  in t e r a c t io n  (UHF-C1).
Of th e  th r ee  b a s is  s e t s  they  t r i e d ,  o n ly  th e  la r g e s t  showed a poten  
t i a l  minimum. This b a s is  was th e  on ly  one to  in c lu d e  p o la r iz a t io n  
fu n c t io n s  and th e se  do not appear to  have been o p tim ized . The 
b a r r ie r  to  d i s s o c ia t io n  was found to  be 4 .6  K cal/m ole in  th e  UHF 
s te p  and was reduced to  3 .4  K cal/m ole when c o n f ig u r a t io n  ln t e r a c t io  
was in c lu d e d . T h er e fo re , the au th ors concluded th a t  t h i s  s p e c ie s  
probably would not e x i s t  even in  a low tem perature m atr ix  s in c e  th e  
zero  p o in t en erg y , which th ey  c a lc u la te d  to  be on the order of 4 
K ca l/m o le , shou ld  be g r e a te r  than th e  d i s s o c ia t io n  b a r r ie r .
The most s t r ik in g  a sp e c t  o f t h i s  work appears to  be th e  depen- 
dence o f th e  d i s s o c ia t io n  energy su r fa c e  on p o la r iz a t io n  f u n c t io n s .  
Bader and Gangi used two u n con tracted  s e t s  o f d fu n c tio n s  on oxygen  
and one s e t  o f p fu n c tio n s  on th e  hydrogens —  s e t s  w h ich , a lth ou gh  
not o p tim ize d , seem to  be b e t te r  than th o se  used by N ib la e u s . Thus, 
th e  s u g g e s t io n  th a t  th e  low er p o t e n t ia l  b a r r ie r  found in  th e  l a t t e r
work was due to  sp in  p o la r iz a t io n  and a b e t te r  geom etric
o p t im iz a t io n  tech n iq u e  would appear s u s p e c t .
To t e s t  th e  p o s s i b i l i t y  th a t th e  b e t te r  d fu n c t io n  s e t s  of
Bader and Gangi m ight have been r e sp o n s ib le  fo r  th e  la r g e r  p o t e n t ia l  
b a r r ie r  found by them, th e  problem was r e in v e s t ig a t e d  u s in g  th e  p re­
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v io u s ly  m entioned w ater b a s is  in  Chapter I I .  T h is b a s is  s e t  ( I )  i s  
g iv e n  in  Table I I ,  as i s  another b a s is  s e t  ( I I )  which i s  a l s o  based  
on th a t  o f Dunning but to  which a d d it io n a l  d i f f u s e  s and p o r b i t a l s  
s e t s  on oxygen and hydrogen have been added. The b a s is  s e t  I ,  
a lth ou gh  based on D unning's ( 9 , 5 , 2 / 4 , 1 )  c o n tr a c te d  b a s is  s e t , 4 ® was 
adapted by A. L lakus to  a lobe g a u ss ia n  program fo r  th e  c a lc u la ­
t io n s  p resen ted  in  Chapter I I  and was used  w ith ou t r e a d a p ta tio n  in  a 
c a r te s ia n  g a u ss ia n  program. The sm a ll fa c to r *  d if f e r e n c e  in v o lv e d  
showed no e v id en t e f f e c t  on e i t h e r  th e  energy or geom etry o f % {),
H3 0"*", or H3 O*. The c a lc u la t io n s  were done u s in g  th e  G aussian 80 
program of J . S. B in k ley  e t  a l . 65
The optim al geom etry and energy o f w ater c a lc u la te d  w ith  th e se  
two b a s is  s e t s  are compared in  T able I I  t o  th o se  o f N ib la eu s and to  
th e  exp er im en ta l p aram eters. S e v e r a l f a c t s  are o b v io u s , the most 
im portant o f which may be th e  ra th er  la r g e  in c r e a s e  in  th e  cor­
r e la t io n  energy c a lc u la te d  fo r  the s e t  w ith  the u n con tracted  oxygen  
p and d fu n c t io n s .  A l l  o th er  r e s u l t s  are q u ite  s im i la r ,  w ith  the  
d if f e r e n c e  o f the bond le n g th  and bond a n g le  betw een s e t s  I  and I I  
a p p a ren tly  due to  the d i f f u s e  p fu n c tio n s  which were added to  s e t  I I .
*T his f a c t o r ,  which was 0 .9 83992  fo r  th e  p fu n c tio n s  and 0 .979559  
fo r  th e  d f u n c t io n s ,  had th e  e f f e c t  o f changing th e  e f f e c t i v e  
S la te r  c o e f f i c i e n t  o f the d o r b i t a l  o f oxygen from 1 .9 3  t o  1 .9 5 .  
S im ila r ly ,  t h i s  exponent was changed from 2 .5 3  to  2 .5 5  fo r  the  
hydrogen p f u n c t io n s .
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In  ev ery  c a s e ,  th e  geom etry used fo r  th e  c o n f ig u r a t io n  in t e r ­
a c t io n  was th a t ob ta in ed  w ith  the g r a d ien t o p t im iz a t io n  package o f  
G aussian 80 ("Berny O p tim iza tion " ) i n  th e  UHF ap p rox im ation .
T h er e fo re , o n ly  one geom etry i s  shown. The e f f e c t  o f c o n f ig u r a t io n  
in t e r a c t io n  on the optimum geom etry in  N ib la e u s 1 work was to  
in c r e a s e  bond le n g th s  c o n s id e r a b ly . This geom etry o p t im iz a t io n ,  
how ever, was not perform  fo r  t h e ir  C l c a lc u la t io n s  which in c lu d ed  
p o la r iz a t io n  f u n c t io n s .
The p roton  a f f i n i t i e s  (PA) c a lc u la te d  fo r  water are a l s o  g iv en  
in  Table I I I .  These a f f i n i t i e s  are compared to  th o se  o f D ierek sen  
e t  a l . 66  w hich were found by s u b tr a c t in g  the d i f f e r e n c e  o f the zero- 
p o in t e n e r g ie s  o f w ater and the hydronium io n  from th e d i f f e r e n c e  in  
th e  c a lc u la te d  e n e r g ie s .  The form er was e s tim a te d  to  be
AEq = 1 8 .7 5  -  1 3 .4 7  = 5 .2 8  K cal/m ole
The r e s u l t s  of t h e ir  c a lc u la t io n s  on H3 0*" are g iv e n  in  Table  
IV. E x c e l le n t  agreem ent i s  found betw een th e  r e s u l t s  o f both b a s is  
s e t s  and th e  c a lc u la t io n s  o f D ie r ek se n , even  though th e  C l geom etry  
was r e o p tim ized  in  t h i s  l a s t  work. The e x p er im en ta l param eters are  
not known w ith  any d egree o f accu racy .
A ga in , a ra th er  la r g e  in c r e a s e  o f c o r r e la t io n  en ergy  i s  obsered  . 
fo r  b a s is  s e t  I .  The C l e n e r g y , fo r  each b a s i s ,  was 1 .5  K cal/m ole  
l e s s  than fo r  the corresp on d in g  w ater sy stem , as rep o r ted  by 
D ie r ek se n . Thus, the change in  th e  c o r r e la t io n  en ergy  appears to
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be f a i r l y  independent of th e  b a s is  s e t  c o n tr a c t io n ;  how ever, th e  
t o t a l  c o r r e la t io n  energy  i s  n o t . The e le c tr o n  a f f i n i t i e s  shown in  
Table IV are m erely  th e  d i f f e r e n c e  betw een th e  e n e r g ie s  o f the  
hydronium io n  and th e  hydronium r a d ic a l  fo r  th e  op tim a l g e o m e tr ie s .  
These IJHF v a lu e s  are very  c lo s e  to  th o se  ob ta in ed  by p la c in g  an 
e le c t r o n  in  th e  lo w e st  v i r t u a l  o r b i t a l  o f  H3 O (w hich  g iv e s  e n e r g ie s  
0 .0 0 3  and 0 .0 0 4  h a r tr e e s  h igh er  fo r  b a s is  s e t s  I  and I I ,  
r e s p e c t iv e l y ) ,  in d ic a t in g  c lo s e  com pliance w ith  Koopmans* theorem .
The s ig n i f i c a n t  in c r e a s e  in  e le c t r o n  a f f i n i t i e s  observed  betw een the  
two b a s is  s e t s  i s  e v id e n t ly  due to  th e  op tim ized  d i f f u s e  p fu n c tio n s  
added to  s e t  I I .  A la r g e  in c r e a s e  in  e le c tr o n  a f f i n i t y  i s  observed  
a l s o  between th e  UHF and C l c a lc u la t io n s  in  both s e t s .  This 
in c r e a s e  i s  g r e a te r  in  th e  second s e t  even  though the t o t a l  
c o r r e la t io n  energy c a lc u la te d  i s  much l e s s ,  w hich in d ic a t e s  th a t  the  
d if f u s e  p fu n c t io n s  on oxygen and hydrogen improve the Cl 
c a lc u la t io n  as w e l l .
Table V shows the op tim al param eters ob ta in ed  fo r  the hydronium  
r a d ic a l  fo r  th e se  two b a s is  s e t s ,  a s  w e l l  as th o se  ob ta in ed  by the  
p r e v io u s  w orkers. A gain , b a s is  s e t  I I  s ta n d s  out s in c e  th e  geom etry  
i s  s i g n i f i c a n t l y  a lte r e d  and the energy i s  low er than in  any 
p r e v io u s  c a lc u la t io n  a t  th e  UHF l e v e l .  The c o r r e la t io n  en erg y , w h ile  
l e s s  than th a t  o f b a s is  s e t  I ,  has In crea sed  r e l a t i v e l y  compared to  
th e  w ater c a lc u la t io n s .  Thus, th e  thermodynamic i n s t a b i l i t y  has 
been reduced by th e  d i f f u s e  f u n c t io n s .
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The H artree-F ock  l im it  has been e s tim a te d  as -7 6 .5 0 2 0 7  
h a r tr e e s .  The e n e r g ie s  c a lc u la te d  fo r  b a s is  s e t  IX in d ic a t e  th a t  
th e  c o r r e c t  l im it  must be a t  l e a s t  -7 6 .5 2 2  h a r t r e e s ,  s in c e  th e  
c a lc u la t io n  fo r  w ater i s  0 .0 1 5  h a r tr e e s  above th e  l im it  u s in g  t h is  
b a s is  ( s e e  Table I I I ) .  T h is e s t im a te ,  how ever, must be co n sid ered  
on ly  as an upper bound.
The minimum p o t e n t ia l  energy curves fo r  th e  r e a c t io n :
h 3°*  -*■  h2 °  +  H*
are shown in  f ig u r e s  14 and 15 , th e  data being  g iv en  in  T able VI.
In  f ig u r e  14 , th e  p o t e n t ia l  b a r r ie r  fo r  b a s is  s e t  I  i s  found to  be
6 .0  K ca l/m o le , w h ile  for  b a s is  I I  i t  i s  o n ly  4 .1  K ca l/m o le . The 
r e d u c tio n  of the p o t e n t ia l  b a r r ie r  found by N ib la eu s  e t  a l . 61f was 
e v id e n t ly  due to  th e  more d i f f u s e  hydrogen fu n c t io n s  w h ile  th ey  used  
and not to  th e  reason s they  c i t e d .
In f ig u r e  1 5 , th e  r e s u l t s  fo r  C l c a lc u la t io n s  are p r e se n te d .
The la r g e  b a r r ie r  in  f ig u r e  14 fo r  b a s is  s e t  I  i s  seen  to  be reduced  
to  3 .6  K ca l/m o le , in  e x c e l le n t  agreem ent w ith  the f in d in g s  of 
N ib la e u s . T h is b a r r ie r  i s  somewhat fu r th e r  reduced in  b a s is  s e t  I I .
The c o r r e la t io n  energy d if f e r e n c e  between th e se  two curves i s  a lm ost 
co n sta n t from th e p o in t o f minimum geom etry out to  i n f i n i t e  sep ara ­
t io n .
I t  i s  now e v id en t th a t  the d i f f e r e n c e s  o f the e a r l i e r  workers
are t o t a l l y  due to  the b a s is  s e t s  em ployed. Indeed , th e  e f f e c t  o f
Figure 13
I l l u s t r a t i o n  of param eters used in  c a lc u la t io n s  o f the hydronium  
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Figure 15
C o n fig u r a tio n  I n te r a c t io n  (w ith  a l l  double e x c i t a t io n s  e x c lu d in g  
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d i f f u s e  hydrogen p fu n c tio n s  in d ic a te s  th a t  an e le c tr o n  added to  
H3 O I n c r e a se s  th e  charge d e n s ity  on the hydrogens and th a t  i t  i s  
not c o m p le te ly  cen tered  on the oxygen , as had been su g g e s te d .
The H artree-F ock  l im it  e s tim a te d  here i s  probably a c c u r a te , in  
which ca se  the hydronium r a d ic a l  i s  d e f i n i t e l y  therm odynam ically  
u n s ta b le  in  the gas phase by M .1 .8  K ca l/m o le . N e v e r th e le s s , a 
reson ance between H2 O and H. may e x i s t  w ith  an a c t iv a t io n  energy of 
15-20  K ca l/m o le . The r e ce n t stu dy o f  Walch and Dunning5 7  showed a 
p o t e n t ia l  b a r r ie r  to  the r e a c t io n  of OH* and H2  to  form H2 O +  H* o f  
*^6 K ca l/ m ole. S in ce th e  b a r r ie r  fo r  1130* d i s s o c ia t io n  i s  on the  
order o f  3 -4  K ca l/m o le , an e x c e s s  energy  of o n ly  2 -3  K cal/m ole above 
th e  e s t im a te d  resonance energy would be needed to  overcome t h is  
second b a r r ie r  and produce OH* +  H2 - T his s u p p o s it io n  i s  being  
in v e s t ig a t e d .  This s p e c ie s  m ight th en  be th e  f i r s t  t r a n s i t io n  s t a t e  
com plex s tu d ie d  at t h is  l e v e l  o f c a lc u la t io n a l  a ccu racy .
E xp erim enta l C o n sid e r a tio n s
D ir e c t  o b se r v a tio n  as w e ll  as in d ir e c t  e v id en ce  fo r  the  
e x is t e n c e  o f th e  hydronium r a d ic a l  has been cla im ed  by numerous 
a u th o r s . These c la im s have been r e fu te d  in  some c a s e s ,  rendered  
q u e s t io n a b le  in  o th ers  and som etim es ig n o r e d . A b r ie f  survey o f  
th e se  papers f o l lo w s .
One o f the f i r s t  papers in  which d ir e c t  e v id en ce  fo r  ^ 0 *  was 
g iv en  was th a t  by M elton and J o y ,5® who a ls o  d id  s in g le  cen ter  
c a lc u la t io n s  on the m o le c u le . In th e  ex p er im en ta l p o r t io n  o f t h is  
paper, w ater vapor was ir r a d ia te d  by 100 eV e le c t r o n s .  The n e u tr a l
p rod u cts  (and n e g a t iv e  io n s )  o f  t h i s  r e a c t io n  were a llow ed  to  pass  
through  a s l i t  in to  an io n iz in g  chamber and th en  through a mass 
sp e c tr o m e te r . A s ig n i f ic a n t  in c r e a s e  in  s ig n a l  was observed  fo r  
mass number 19 , in d ic a t in g  p o s s ib le  p ro d u ctio n  o f H3 O '. The
■j* j
appearance p o t e n t ia l  fo r  th e  H3 O s ig n a l  (w hich was what was 
a c t u a l ly  d e te c te d )  was found to  be 1 0 .9  eV ( th u s ,  an io n iz a t io n  
p o t e n t ia l  was a l s o  e s t a b l i s h e d ) .  An a lt e r n a t e  method o f p r o d u c tio n , 
p la c in g  th e  w ater vapor in  c o n ta ct w ith  hot p latinum  (which  
p roced u re, when a p p lied  to  ammonia vap or , produced a s ig n i f i c a n t  
in c r e a s e  in  the s ig n a l )  f a i l e d  to  produce any in c r e a s e  in  the
H3O s ig n a l ,  which was taken as in d ic a t in g  an I .P .  g r e a te r  than 9 eV 
fo r  H3 0 * . These r e s u l t s  have not been r e fu te d  a lth ou gh  i t  has been  
noted  th a t th e  observed in c r e a s e  was r e l a t i v e , and p o s s ib ly  
a s c r ib a b le  to  o th er  c a u se s .
An E .S .R . s ig n a l  thought to  be th a t of HsO* was rep orted  
s h o r t ly  t h e r e a f te r  by M artin and S w ift  in  a Ce^iHClOi* aqueous g la s s  
a t  77K. P h o to ly s is  o f the g la s s  produced an H2 O s ig n a l  which was 
tra n sfo rm ed , upon warming, in to  a 1 :3 :3 :1  q u a r te t w ith  h y p er fin e  
s p l i t t i n g  co n sta n t o f 2 2 .8 4  G auss. A d d ition  o f NaN0 3 was found to  
quench t h i s  s ig n a l  but not th a t  of CH3 * o b ta in ed  upon a d d it io n  o f  
a c e t i c  a c id .  This q u a r te t was a ss ig n e d  to  H3O*, even  though i t  was 
v e r y  s im ila r  to  th a t  observed  fo r  CH3 *. T h is c o n c lu s io n  was 
d ism isse d  by s e v e r a l  la t e r  a u th o r s 6 S " 7-1 who showed th a t  i ) ,  the  
h y p e r f in e  s p l i t t i n g ,  g fa c to r  and l in e  shape matched th o se  of CH3 * 
w ith in  e x p er im en ta l e r r o r , i i ) ,  th a t th e  c a lc u la te d  h y p er fin e
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s p l i t t i n g  ( in  th e  INDO ap p rox im ation ) was on the order o f 131-150  
Gauss,70 i n d isagreem ent w ith  th a t observed ; and i i i ) ,  C laxton  e t  
a l . 71 d id  ob serve an E .S .R . s ig n a l  from a w ater-hyd rogen  atom 
sy stem , not in  th e  form of 1130* , but of a weakly "hydrogen bonded" 
com plex. (An e a r l i e r  work by two o f th e se  au th o rs72  e x p la in e d  th e  
observed  a b so r p tio n  o f hydrogen atoms in  water by a w eakly "hydrogen  
bonded" system  as w e l l . )
Evidence fo r  th e  hydronium r a d ic a l  as an in te r m e d ia te  in  the
r a d io ly s i s  of w ater vapor was g iv en  by Boyd e t  a l . 7 3 The y i e ld  o f
HD in  t h i s  system  e x h ib ite d  a marked d e u te r a t io n  e f f e c t  (3 -6  f o ld )
which cou ld  not be ex p la in e d  oth er  than by in vok in g  a complex
betw een hydrogen atoms and w a ter . This same c o n c lu s io n  was reached
by Kongshang e t  a l . 7** who measured the pH dependence o f Br produced
by r a d io ly s i s  o f aqueous s o lu t io n s  o f brom ophenol. They concluded
th a t  the hydrogen atom i s  not th e  prim ary product o f the r e a c t io n  of
so lv a te d  e le c tr o n s  and hydronium io n s  s in c e  H* i s  as e f f i c i e n t  in
producing Br as e" . They p o s tu la te d  th a t H3 O  must be the primary
aq
product in  t h i s  r e a c t io n .
N eg a tiv e  ev id en ce  for  H 0 was p resen ted  by B a ss i et^ a l . 75  who 
measured the c r o s s - s e c t io n s  o f H-atom s c a t t e r in g  from w ater at  
H-atom v e l o c i t i e s  o f 1300-4400 m /s . They found no ev id en ce  of any 
reson ance in  t h i s  energy r e g io n  ( 0 .2 - 2 .3  K ca l/m o le )* , a lth o u g h  th ey
*S in ce  E = 1 /2  mv2  = 1 /2  (1 .0 0 8  amu x  1 .6 6  x  10*“2 7  Kg/amu) (1300
m /s )2 . Thus, E = 1 .4  x 10"2 1  J x  1 e V /1 .6  x  10" 1 9  J = 0 .00884  eV = 
0 .2 0 5  K ca l/m o le .
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su g g e ste d  th a t a resonance (o r  "g lory  s tr u c tu r e " )  might be seen  a t
low er e n e r g ie s .  In  l ig h t  o f the c a lc u la t io n s  p r e se n te d , t h is
s u g g e s t io n  i s  in c o r r e c t  s in c e  a t l e a s t  15 K cal/m ole i s  req u ired  to
reach  reso n a n ce .
The recen t work o f W illiam s and P o r te r ,76 in  which n e u tr a l
+ +fragm ents were produced by e le c tr o n  capture r e a c t io n  by H30 , NHij , 
and CH5*  fo r  Na* or K* v a p o r s , a l s o  makes th e  e x it e n c e  o f t h is
♦j*
s p e c ie s  su sp e c t  in  th e  gas p h ase . The e le c tr o n  a f f i n i t y  fo r  H3 O 
was found to  be 5 .1  + 0 . 3  eV (0 .1 8 7 5  h a r tr e e s )  and th e  fra g m en ta tio n  
energy  was g iv e n  as - 1 . 1 2 + 0 . 0 7  eV (2 5 .9 4  K ca l/m o le) fo r  the  
r e a c t io n :
H3 0 . -+ H20 + H«
This l a t t e r  v a lu e  i s  not in  good agreem ent, how ever, w ith  the v a lu e  
es tim a te d  from th e  c a lc u la t io n s  ( i . e .  ^15 K c a l/m o le ) . T his q u e s t io n  
w i l l  be d isc u sse d  in  the next s e c t io n .  F in a l ly ,  i t  i s  in t e r e s t in g  
th a t  NDtfr* was found to  be m e ta s ta b le , even a t the e le v a te d  
tem p eratu res used in  t h i s  exp er im en t, thus f u l f i l l i n g ,  in  p a r t ,  
B e r n s te in 's  o r ig in a l  p r o p o sa l.
Table II. Gaussian basis sets for oxygen and hydrogen.
Set I Set I I
C enter Type Number C o e f f ic ie n t  Exponent C o e f f ic ie n t  Exponent
1 0 .002031 7816 .54 0 .0 0 2 0 3 1 7816 .54
0 .01543 1175 .82 0 .01 5 4 3 1175 .82
0 .073771 273 .1 8 8 0 .0 73771 273 .188
0 .247606 81 .1696 0 .247606 81 .1696
0 .611832 27 .1836 0 .611832 27.1836
0 .241205 3 .4 1 3 6 0 .241205 3 .4136
2 1 . 0 9 .5 3 2 2 1 . 0 9 .5 3 2 2
3 1 . 0 0 .9 3 9 8 1 . 0 0 .9398
4 1 . 0 0 .2 8 4 6 1 . 0 0 .2846
5 1 . 0 0 .0 2 5 1 . 0 0 .0 2 5
6 1 . 0 0 . 0 1 0 1 . 0 0 .0 1 5
1 1 . 0 35 .7556 0 .040023 35 .1832
----- ----- 0 .253849 7 .9040
----- ----- 0 .8 06842 2 .3051
2 1 . 0 8 .0 3 2 6 1 . 0 0 .7 1 7 1
3 1 . 0 2 .3426 1 . 0 0 .2137
4 1 . 0 0 .7 2 8 8 1 . 0 0 .0 5 0
5 1 . 0 0 .2 1 7 2 ----- -----
1 1 . 0 1 .2 4 4 2 2 0 .3 57851 1 .21 8 7 9
•— ----- 0 .759561 0.36102(
2 1 . 0 0 .3 6 1 0 2 ----- -----
1 0 .03 2 8 3 21 .7 2 0 8 0 .03283 21 .7208
0 .2 3 1 2 1 3 .2 7 2 9 0 .23 1 2 1 3 .2 7 2 9
Table II (continued)
S et I  S et I I
C enter Type Number C o e f f ic ie n t  Exponent C o e f f ic ie n t  Exponent
0 .81724 0 .7377 0 .8 1 7 2 4 0 .7 3 7 7
2 1 . 0 0 .2 0 0 4 1 . 0 0 .2 0 0 4
3 1 . 0 0 . 0 1 0 1 . 0 0 .0 5 0
1 1 . 0 1 .1 7 8 1 1 . 0 1 .1 5 9 2
2 _ _ _ 1 . 0 0 .1 5
a) The g a u ss la n  o r b i t a l s  are g iv en  by:
X( x ,y , z )  = N 1 ( x , y , z )  EA e x p ( - a r 2 )
P
where N1 i s  a n o r m a liz a tio n  f a c t o r .  The symbol x ( x »y»z ) i s  ^
fo r  s o r b i t a l s ;  i t  i s  x ,y ,  or z or p o r b i t a l s ;  and 3 z^ -r2 ,
x2 vy2 , x y , xz or yz fo r  d o r b i t a l s .  The q u a n t i t ie s  A are the
c o e f f i c i e n t s  and the a a te  the exponents ap pearing  in  th e
P
t a b le .  See D. Neumann and J . W. M oskow itz, J .  Chem. P h y s .,  4 9 , 
2056 (1 9 6 8 ) .
b) S ee: T. H. Dunning, J r . ,  J . Chem. P h y s .,  5 5 , 3958 (1 9 7 1 ).





C o r r e la t io n  Energy 
Proton A f f in i t y  ( P .A .) 
(UHF)
(Cl)
B a sis  Set I  
0 .9 4 1 2  
1 0 5 .9 8  
-7 6 .0 5 1 1 1 5  
-7 6 .2 8 6 8 3 9  
0 .235724
0 .2 8 1 8
0 .2794
B a sis  Set I I  
0 .9439  
1 06 .17  
-7 6 .0 5 3 4 8 4  
-7 6 .2 6 9 0 1 4  
0 .2155
0 .2 7 9 0
0 .2 7 5 5
N ib laeu s e t  a l .  
0 .9 4 8  
1 0 5 .3
-7 6 .0 4 6 8 2 3  








0 .9 5 7
1 0 4 .5
-7 6 .4 3 1
0 .3 6 3 c>
0 .2 6 1 d)
a )  R eferen ce 64.
b) R eference 6 6 .
c )  Based on H artree-F ock  l im it  o f -7 6 .0 6 8 .
d) E xp erim ental v a lu e  r e fe r e n c e  56.
Table IV. O ptim ized param eters and e n e r g ie s  fo r  th e  hydronium io n .  
HaO+ _____________________________________
R (0-H )(A )
0 (HO H)(degrees)
D ihedral Angle (d e g r e e s )  
Energy (RHF)
Energy (C l)
C o r r e la tio n  Energy 
E le c tr o n  A f f in i t y  
(UHF)
(Cl)
B a sis  S et I 
0 .9 6 2
1 1 2 .9
1 2 9 .7
-7 6 .3 3 2 8 9 8




B a s is  Set I I  
0 .9 6 3
1 1 2 .9  
1 2 9 .6
-7 6 .3 3 2 5 2 6  




D ierek sen  e t  a l . 
0 .9 5 9
1 1 3 .5
-7 6 .3 2 9 7 7 6  
- 7 6 . 541803a  ̂
0 .21203
0 .1 8 7 5 b ^
a) r (0 -H ) = 0 .9 7 2 , e(HOH) = 1 1 1 .6
b) E xperim ental v a lu e  r e fe r e n c e  76.
Table V. Optim ized param eters and e n e r g ie s  fo r  th e  hydronium r a d ic a l .  
H30+ R a d ica l____________________________________________________________________
R (0-H )(A )
0 (HO H)(degrees)
D ih ed ra l Angle (d e g r e e s )
B a sis  S e t I  
0.9823  
110 .96  
123 .85





C o r r e la t io n  Energy (C .E .)  
C .E .(H 30 )-C .E .(H 2 0)
E (U H F)(K cal/m ole)3*
E (C l)(K c a l/m o le )  i
2 .4 4
3 .3
-7 6 .5 0 1 6 1 9
-7 6 .7 5 0 3 3 3 1
0 .24871
0 .01299
3 1 .1 8
2 3 .0 0
B a s is  Set I I  
0 .9866  
107 .82  
116 .17
-7 6 .5 0 6 9 7 1




1 9 .7 4
N ib la eu s e t  a l . 
0 .989
1 0 9 .5  
1 2 5 .4
2 .8
4 .5
-7 6 .4 9 9 8 0 0
-7 6 .7 1 5 3 2 4
0 .21 5 5 2
0 .01438
29 .49
2 0 .5 2
Bader & Gangi 
0 .984  
1 1 1 .7 7 °
2 .0
-7 6 .4 9 5 7 1
28 .16
a) Energy d i f f e r e n c e  between H3 0* and H2 0 + H*.
Table VI. C a lc u la te d  p o in ts  a lon g  the H 0 +  H r e a c t io n  path .
a )  B a s is  S e t I  b ) B a s is  Set I I
a) B a sis  Set I______________________________________________________
AE(UHF) Ae (CI)
R(A) R.(au) r (a u ) 9 (d e g r e e s ) ^ (d e g r e e s ) (K ca l/m o le ) (K ca l/m o le )
0 .9500 1 .7 9 5 1 .859 1 1 1 . 2 0 5 5 .6 1 3 1 .6 8 2 4 .2 2
0 .9823 1 .8 5 6 1 .8 5 6 110 .9 6 5 6 .1 5 3 1 .2 0 2 3 .0 0
0 .9991 1 . 8 8 8 1 .8 5 5 110 .84 5 6 .4 3 31 .32 --------
1 .0391 1 .9 6 4 1 .8 5 0 11 0 .6 0 5 6 .9 0 3 2 .33 22 .89
1.1091 2.096 1 .8 3 8 110 .08 57 .7 9 3 5 .2 4 24 .37
1 .2091 2 .285 1 .8 1 3 1 0 9 .1 3 58 .90 37 .2 0 26 .26
1 .2591 2.379 1 .8 0 3 108 .49 5 9 .8 2 35 .98 2 6 .2 0
1 .3091 2 .474 1 .796 107 .96 6 0 .8 8 33 .75 2 5 .2 1
1 .5091 2 .852 1 .7 8 6 106 .78 6 4 .1 0 22 .8 0 1 7 .7 4
2 . 0 0 0 0 3 .780 1 .7 8 0 106 .25 6 4 .7 0 7 .5 7
3.0000 5 .6 6 9 1 .7 7 9 10 5 .8 4 6 5 .5 1 2 .0 3 1 . 6 6




0  B a sis Set I I
R(A) R(au) rj (au ) r 2 (au ) 0 ! (d e g r e e s )
0 .950 1 .8 1 4  • 1 .8 7 0 1 .8 7 0 1 0 7 .9 1
0 .9866 1 .864 1 .8 6 4 1 .8 6 4 107 .82
1 . 0 0 0 1 .890 1 .862 1 .8 6 2 1 0 7 .7 8
1 .0 3 1 .9 4 6 1 .857 1 .857 107 .78
1 . 1 0 0 2.079 1 .8 4 0 1 .840 107 .66
1 .1 5 2 .173 1 .8 2 6 1 .826 107 .75
1 . 2 0 0 2 .268 1 .8 1 4 1 .8 1 4 1 0 7 .6 8
1 .250 2 .362 1 .806 1 .806 107 .40
1 .300 2.457 1 .8 0 0 1 .800 107 .20
1 .5 0 0 2 .835 1 .790 1 .7 9 0 106 .7 1
3 .000 5 .669 1 .783 1 .783 106 .16
CD CQ 1.784 1 .784 106 .17
AE(UHF) AE(CI)
0 2 (d e g r e e s )  ^ (d e g r e e s )  (K ca l/m o le ) (K ca l/m ole)
108 .16 6 3 .3 2 29 .9 2 21 .43
107 .82 63 .83 29 .30 1 9 .7 4
107 .6 8 64 .08 29.37 --------
1 0 7 .5 2 6 4 .3 2 29 .93 19 .39
107 .07 65 .25 32 .19 20 .70
106 .97 65 .36 33 .35
106 .9 0 65 .37 33 .37 22 .3 2
107 .0 0 65 .46 32 .27 2 2 . 1 1
10 7 .0 0 6 5 .5 2 30 .4 1 21 .1 4
1 0 6 .7 0 6 5 .5 2 20 .95 14 .7 5





Lum inescence Work and th e  E x is te n c e  o f  an S ta b le  E x c ited  S ta te  o f  HqO« 
A lthough th e  c a lc u la t io n s  su g g e st  th a t  the hydronium r a d ic a l  
i s  u n sta b le  In  th e  gas p h ase , com parison w ith  th e  fragm en ta tion  
en ergy  o f W illiam s and P orter  in d ic a t e s  a d iscr e p a n c y . The reason  
fo r  t h i s  d iscr e p a n c y  i s  not c le a r .  One p o s s i b i l i t y  i s  the o m issio n  
o f  geom etry r e o p tim iz a t io n  in  th e  c o n f ig u r a t io n  in t e r a c t io n  s t e p ,  
an o m iss io n  which may have caused the c o r r e la t io  energy a t  the  
e q u ilib r iu m  geom etry to  be u n d erestim ated  r e la t iv e  to  c o r r e la t io n  
e n e r g ie s  fo r  g eo m etr ies  in  th e  v i c i n i t y  of the b a r r ie r . The
O
minimum a t 1.03A  in  th e  C l p o t e n t ia l  curve fo r  b a s is  I  h in t s  a t  
t h i s  p o s s i b i l i t y .  However, o th er  p o s s i b i l i t i e s  e x i s t .  The zero  
p o in t en ergy , fo r  exam ple, may be much h ig h er  than e s t im a te d ;  
a l t e r n a t iv e ly ,  the ex p er im en ta l r e s u l t s  may be a r t i f i c i a l l y  h igh  
because the m olecu le  fo llo w in g  e le c tr o n  cap tu re d i s s o c ia t e s  b efore  
a t t a in in g  th e  e q u ilib r iu m  geom etry.
Lum inescence r e s u l t s  in d ic a t e  th a t  th e  r e sp o n s ib le  s p e c ie s  
i s  in  a sp in  fo rb id d en  e x c it e d  s t a t e .  The s im p le s t  s p e c ie s  seems 
t o  be some typ e  of hydrogen atom -  w ater sy stem , which may be 
s ta b le  on ly  as an e x c it e d  s t a t e  com plex ( i . e . ,  an e x c ip l e x ) .  T h is  
id ea  has not been e la b o r a te d  in  the l i t e r a t u r e ,  a lth o u g h  M elton and 
Joy5 ® do su g g e s t  th a t  t h e ir  r e s u l t s  cou ld  be a t tr ib u t e d  to  an 
e x c it e d  s t a t e  o f H3 O*, as w e l l  as th e  ground s t a t e .  The p o s s i b i l i t y
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th a t  th e  hydronium r a d ic a l  e x i s t s  as an e x c it e d  s p e c ie s  and th a t i t
m ight be r e sp o n s ib le  fo r  th e  e m is s io n  of low  tem perature i c e  was
d is c u ss e d  by Bernas and Truong . 1 9  However, th ey  d id  not rep ea t t h is
a s s e r t io n  in  any of t h e ir  la t e r  w orks. P re lim in a ry  c a lc u la t io n s  on
th e  q u a r te t  s t a t e  of HgO* add support fo r  t h i s  s u g g e s t io n  as seen  in  .
Table V II . A s ta t io n a r y  p o in t was found on th e  e x c it e d  s t a t e
su r fa c e  w ith  b a s is  s e t  I I  fo r  a p lanar D3I1 c o n f ig u r a t io n  w ith  bond 
0
le n g th s  o f 1 .3969A . T h is c o n f ig u r a t io n  l i e s  3 .5 1  eV above the  
ground s t a t e  o f the same geom etry, in  f a i r l y  good agreem ent w ith  the  
3 .3 3 - 3 .0  eV found fo r  th e  e m is s io n  o f i c e .  U n fo r tu n a te ly , e le c tr o n  
c o r r e la t io n  e f f e c t s  woud ten d  to  in c r e a s e  t h i s  energy gap. The 
s p e c ie s  i s  a ls o  found to  be s t a b le  by V 7.2  eV w ith  r e sp e c t  to  
a u t o io n iz a t io n .  That i s ,  th e  e x c it e d  s t a t e  i s  more s ta b le  in  t h is  
regard  than th e  ground s t a t e .  T h is number, though, i s  s t i l l  a g rea t  
d e a l low er than th e  1 0 .9  eV appearance p o t e n t ia l  fo r  the ^0"*" s ig n a l  
found by M elton and J o y .5? Furtherm ore, i t  i s  a l s o  seen  th a t  the  
q u a r te t  s t a t e ,  as the ground s t a t e ,  i s  not therm odynam ically  s t a b le ;  
nor can any p h y s ic a l  reason s be c i t e d  fo r  the p o s s e s s io n  by t h is  
s t a t e  o f  la r g e  d i s s o c ia t io n  b a r r ie r s .  In d eed , t h i s  s t a t e  a p p a ren tly  
d i s s o c i a t e s  r e a d i ly ,  s in c e  no lo c a l  minimum has been found in  la t e r  
c a lc u la t io n s .  The c a lc u la t io n s  p r e s e n te d , th e n , m erely  in d ic a t e  
th a t  t h i s  so r t  of com plex, i f  i t  e x i s t s ,  cou ld  e x p la in  th e  
ex p er im en ta l r e s u l t s .
The a c tu a l  p o t e n t ia l  b a r r ie r  d i s s o c ia t io n  o f th e  e m itt in g  
s p e c ie s  may be e s tim a te d  by r e fe r e n c e  to  the work of Maria and
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McGlynnH who found an a c t iv a t io n  en ergy  o f 500-600 cm * (or  ' ' ' l .4 -
1 .7  K c a l/m o le ) . T his q u a n tity  cou ld  r e p r ese n t the b a r r ie r  h e ig h t  
above th e  zero  p o in t energy fo r  th e  lum inophore in  an ic e  m a tr ix .
W hile i t  seems c le a r  th a t  the e m iss io n  of th e  a c id ic  s o lu t io n
■j* —
i s  due to  the recom b in ation  o f H3 O and e , even  t h i s  a s s e r t io n  i s
p ro b lem a tic  s in c e  the CTTS t r a n s i t io n  o f io d id e  sh ou ld  move to
h ig h er  e n e r g ie s  a t lower tem p era tu res . ® 2  This problem  may be
r e so lv e d  by assum ing th a t th e  io d id e  and bromide are c lo s e ly
a s s o c ia te d  w ith  H3 O , th u s lo w er in g  th e  energy o f th e  CTTS
t r a n s i t io n  as w e l l  as th a t  o f th e  e m is s io n .
The p o s s ib le  p rod u ction  o f an e x c ip le x  o f H2 O and H* in  th e
p h o t o ly s is  o f hydroxide i s  a l s o  d i f f i c u l t  to  e x p la in . The two
e x c i t a t io n  peaks in  th e  hydroxide spectrum  c o r r e la te  w e l l  to  th e
_  +
hydrogen atom a f f i n i t i e s  o f OH and OH*. Thus, th e  p rod u ction  of  
hydrogen atoms should  not g en era te  enough energy to  form an e x c it e d  
s t a t e  com plex. Perhaps hydrogen bonding cou ld  low er th e  energy  
req u ired  to  t r a n s fe r  a hydrogen atom in to  a c lo s e  a s s o c ia t io n  w ith  
w ater
OH" — — > 0" +H (H 2 0)*
aq hv aq aq
enough energy m ight then  be a v a i la b le ,  by rearrangem ent o f t h i s  
sy ste m , to  a llo w  p o p u la tio n  o f an e x c it e d  s t a t e .
^4 .77  and 4 .3 4  eV, r e s p e c t iv e ly  ( s e e  r e fe r e n c e  77 and 7 8 ) .
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T h is d i f f i c u l t y  w ith  hydroxide lum in escen ce i s  a l s o  encountered  
in  th e  mechanism p o s tu la te d  by Maria and McGlynn1 2 : th e  low -en ergy
t a i l  o f  th e  e x c i t a t io n  cannot p rov id e  s u f f i c i e n t  en ergy  to  both  
cause photodetachm ent o f an e le c tr o n  from OH and s im u lta n e o u s ly  
e x c i t e  th e  q u a r te t  s t a t e  o f OH* . 1 2  The absence of the h yd roxyl 
e m iss io n  a t  ^306 nm in  aqueous system s a t low tem peratu res a l s o  
makes t h i s  in te r p r e ta t io n  q u e s t io n a b le  s in c e  t h i s  s t a t e  should  a ls o  
be p o p u la ted . F in a l ly ,  th e  q u a r te t  s t a t e  o f h y d r o x y l, a lth ou gh  
w eakly a t t r a c t i v e ,  i s  d i s s o c i a t i v e  -  no b a r r ie r  to  d i s s o c ia t io n  
e x i s t s  in  th e  gas p h ase . A b a r r ie r  may a r is e  how ever, upon 
s o lv a t io n  o f t h i s  s p e c ie s ,  a lth ou gh  t h i s  b a r r ie r  would have to  be on 
th e  order of 6 K cal/m ole in  order fo r  the q u a r te t  s t a t e  o f hydroxyl 
to  p rov id e  an adequate e x p la n a tio n  of t h i s  e m iss io n * .
The d i f f i c u l t i e s  w ith  the h yd roxy l e m iss io n  mechanism prompted
M erkel and H am ill1 2  to  su g g e st  th a t  the lu m in escen ce of hydroxide
a ro se  from the t r i p l e t  s t a t e  o f hydroxide p op u lated  by recom b in ation
o f  h yd roxy l r a d ic a l  and e" •aq
OH* + e"  -+■ (OH")* OH" + hv 
aq p
*The v ib r a t io n a l  freq u en cy  o f the f i r s t  e x c it e d  s t a t e  C2 ^ )  i s
3 1 8 0 .5  cm"-1 . The zero  p o in t energy i s  ap p rox im tely  h a l f  o f t h i s  or 
1590 .25  cm_ i  w hich i s  eq u al to  *^4.6 K ca l/m o le . We assume th e  zero  
p o in t energy fo r  th e  q u a r te t  s t a t e  to  be s im ila r  s in c e  o n ly  one 
v ib r a t io n a l  mode e x i s t s  and i t s  frequ en cy  would not be ex p ected  to  
vary  by more than 1 0 %.
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Quenching of the c h lo r id e -co m p lex ed  t h a l lo u s  io n  lu m in escen ce was 
c i t e d  as p roof th a t  such a t r i p l e t  s t a t e  e x i s t s  fo r  th e  hydroxide  
io n .  However, t h i s  quenching may a r is e  by o th er  mechanisms than  
t r i p l e t - t r i p l e t  a n n ih i la t io n .  S in ce  th e  e le c t r o n  a f f i n i t y  of th e  
hyd roxy l r a d ic a l  i s  on ly  1 .8  eV in  th e  gas p h a se , th e  proposed  
t r i p l e t  a t 3 .1  eV shou ld  be q u it e  u n sta b le  to  e le c tr o n  detachm ent. 
S t a b i l i z a t io n  o f the t r i p l e t  by s o lv a t io n  was s u g g e s te d , 1 2  a 
s u p p o s it io n  stren g th en ed  by com parison w ith  the th io c y a n a te  ion  
whose lu m in escen ce has been a s s ig n e d 88 to  a t r i p l e t  s t a t e  e x is t in g  
above the e le c t r o n  a f f i n i t y  o f the gas phase n e u tr a l r a d ic a l .  S in ce  
t h i s  assignm ent must be c a l le d  in to  q u e s t io n  by th e  r e s u l t s  in  
Chapter I I I ,  t h i s  argument lo s e s  some l u s t e r .
The a t t r ib u t io n  o f the lu m in escen ce o f co n cen tra ted  a c id ic
s o lu t io n s  by a s t a t e  of hydroxide does not appear reason ab le
+
because p roton  d i f f u s io n  through i c e ,  even a t  77K , i s  q u ite  r a p id .  
Lum inescence from an e x c it e d  s t a t e  o f h ydroxide would thus be
+ex p ec ted  to  be quenched by recom b in a tion  of t h i s  s p e c ie s  w ith  H . 
T h er e fo re , th e  measured l i f e - t i m e s  o f 1 - 1 . 5s g a in sa y  t h i s  
a ss ig n m en t. The resem blance between th e  lum inescen ce fo r  a c id  and 
base s o lu t io n s  s u g g e s ts  th a t th e  same e m itte r  i s  being  o b served .
The second e x c i t a t io n  peak for  th e  lu m in escen ce o f hydroxide  
may be due to  a b u ild -u p  o f  h yd roxy l r a d ic a ls  as m entioned pre­
v io u s ly .  T h is mechanism r a t io n a l iz e s  the d e u te r a t io n  e f f e c t  as w e ll
The d i f f u s io n  r a te  i s  eq u a l to  101 3 -l(> li* z  mole” 1  s e c ” -1 . See  
r e fe r e n c e  79.
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as th e  " w ill  o ' th e  wisp" n ature of the second peak. A d d it io n a l
on
e v id en ce  i s  found in  the work o f Bernas and Truong who found an
e m iss io n  peak in  p h o to ly zed  H2 O2  aqueous s o lu t io n s  a t ^280 nm. This
e m iss io n  was a t t r ib u te d  to  the 0 - 0  e m is s io n  band o f a hydrogen
bonded h yd roxyl r a d ic a l  in  support o f  th e  work o f M erkel and
H a m ill . 16 Thus, the 0 -0  a b so r p tio n  of h yd roxyl would a l s o  be 
+
s h i f t e d  to  t h i s  p o s i t io n  upon hydrogen bonding to  w ater .
4 .5  eV A b sorp tion  in  Water and th e  E x is te n c e  o f  a S ta b le  E x c ited  
S ta te  o f  H3O*
The ex p er im en ta l ev id en ce  fo r  th e  e x is t e n c e  o f H3 0* can be 
r a t io n a l iz e d ,  and the lu m in escen ce o f low tem perature ic e s  can be 
e x p la in e d  by the p o s tu la te d  s t a b i l i t y  o f an e x c it e d  s t a t e  complex of 
atom ic hydrogen and w a ter . M oreover, a l l  the ev id en ce  presum ptive  
fo r  a lo w - ly in g  t r i p l e t  s t a t e  o f w ater can be r a t io n a l iz e d  a lon g  the  
same l i n e s .  The p o s s ib le  d e t e c t io n  o f th e  H3 0* com plex by M elton  
and J o y 50  was perform ed by s c a t t e r in g  e le c tr o n s  in  w ater vap or. 
Furtherm ore, the experim en ts o f Edmonson e t  a l . 3tt showed th a t the
4 .5  eV s ig n a l  req u ired  not o n ly  e le c tr o n  e x c i t a t io n  but w ater  
a d so r p tio n  onto th e  w a lls  o f the sample chamber. The a c t iv e  s p e c ie s  
th e n , i s  produced by r e a c t io n  o f th erm a lized  e le c tr o n s  w ith  water  
adsorbed onto th e  sample chamber w a lls  fo llo w e d  by d i f f u s io n  of the  
new s p e c ie s  from th e w a lls  in to  th e  s c a t t e r in g  zo n e . The s p e c ie s  i s
S in ce  th e  0 - 0  a b so r p tio n  and e m iss io n  bands of OH* shows no S to k e 's  
s h i f t  in  neon m a tr ices  at 4.2K  ( s e e  r e fe r e n c e  4 8 ) .
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not a n e g a t iv e  i o n . 33 S in ce  w ater i s  w e l l  known to  produce H-atoms
upon r e a c t io n  w ith  e l e c t r o n s ,21* th e  p ro d u ctio n  o f such a com plex i s
+
a p o s s i b i l i t y .  A h ig h er  q u a r te t  s t a t e  o f H30 * , found by a c c id e n t  , 
l i e s  ^ 3 .3  eV h ig h er  in  energy (a t  the g iv en  geom etry) than  th e  one 
g iv en  in  Table V II ( -7 6 .1 1 9 4  h a r t r e e s ) .  Thus, the s p e c ie s  
r e s p o n s ib le  fo r  the s ig n a l  in c r e a s e  observed by M elton and Joy may 
a l s o  be r e sp o n s ib le  for  the e le c tr o n  s c a t t e r in g  and e le c tr o n  impact 
r e s u l t s  on w ater as w e l l .
36F in a l ly ,  th e  o p t ic a l  a b so r p tio n  r e s u l t s  o f L arzu l e t  a l . , 
r e s u l t s  which are im pu rity  c o n d it io n e d ,37 may not have a r is e n  from  
o r g a n ic  im p u r it ie s .  As noted  in  C hapter I I  th e  sample c e l l  used by 
th e s e  s c i e n t i s t s  was made o f n i c k e l , a good h yd rogen atin g  c a t a l y s t .
W hile t h i s  fa c t  may have had n oth in g  to  do w ith  th e  observed  
a b s o r p t io n , e q u a lly  w e l l  i t  cou ld  have had a g r e a t d ea l to  do w ith  
i t .  This s u p p o s it io n  may e x p la in  th e  f a c t  th a t  th e  d eu tera ted  
sam ple, even  though 99.76% i s o t o p i c a l l y  pure (and hence c h e m ic a lly  
p u r e ) , had a h ig h er  a b s o r p t iv i t y .
The 4 .5  eV a b so r p tio n  in  w ater system s may thus c o n s t i t u t e  
ex p er im en ta l e v id en ce  fo r  th e  e x is t e n c e  o f the hydronium r a d ic a l .
As a r e s u l t ,  the e x is t e n c e  o f an e x c it e d  s t a t e  com plex o f H20 and H*
4*
The exten d ed  H uckel symmetry gu ess g iv e s  th e  wrong o r b i t a l  order  
and th e  d ir e c t  m in im iza tion  r o u tin e  does not a llo w  th e  order to  
change. U sing Guess = Core and th e  r e g u la r  SCF r o u t in e  p erm its  
convergen ce to  low er s t a t e .
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w ith  i t s  a b i l i t y  to  e x p la in  th e  r e s u l t s  becomes very  im portant 
in d eed . N e v e r th e le s s , th e  gas phase and low tem perature condensed  
p h a se , fo r  which most o f th e  anomalous r e s u l t s  fo r  w ater a r i s e ,  are  
two very  d i f f e r e n t  environm ents and th e  c o n n e c tio n  between th e  
e x p er im en ta l r e s u l t s  rem ains ten u ou s.
Summary
The lu m in escen ce o f aqueous a c id ic  s o lu t io n s  and th a t of i c e  
e x c it e d  by io n iz in g  r a d ia t io n  i s  e v id e n t ly  due to  th e  recom bination  
o f an e le c t r o n  w ith  a hydronium io n . The e x p o n e n t ia l  l i f e t i m e  of 
the observed  e m is s io n , how ever, i s  co n trary  to  th a t exp ected  fo r  a 
recom b in ation  lum in escen ce and ten d s to  in d ic a t e  a s p in -fo r b id d e n  
t r a n s i t io n .  However, a f a s t  l i f e t im e  component has been rep orted  by 
s e v e r a l  authors-1  ̂*d3,14^ an(j t h i s  component may be r e la te d  to  the  
recom b in ation  d i f f u s io n  tim e . The e m iss io n  o f hydroxide s o lu t io n s  
i s  d i f f i c u l t  to  a s s ig n  but a p p a ren tly  o r ig in a t e s  in  th e  same s p e c ie s  
as th e  w ater and a c id  lu m in e sc en ce s .
In c o n c lu s io n , i t  i s  se en  th a t  numerous anomalous exp er im en ta l 
r e s u l t s  are r e la t e d  and su g g e st  th e  e x is t e n c e  o f an e x c ip le x  o f  
w ater w ith  a hydrogen atom. The most f e a s ib l e  form o f t h is  
p o s tu la te d  e x c ip le x  i s  between th e  3 Bj s t a t e  o f w ater and a (ground  
s t a t e )  hydrogen atom.
Table V II. P a r t ia l ly  op tim ized  param eters fo r  th e  q u a r te t  s t a t e  
o f  H3 0* and i t s  p o s s ib le  d i s s o c ia t io n  p r o d u cts .
R (0-R )(A )
9(H 0H )(degrees)  
cfi(H** «H 0H )(degrees)
Energy (UHF)
Ground s t a t e  energy at op tim ized  
q u a r te t  geom etry (UHF)
AE(UHF)
T r ip le t  energy  H30+  fo r  g iv en  geom etry
a)Energy q u a r te t  OH* +  H2
alEnergy t r i p l e t  H2 + OH*
Energy t r i p l e t  H2 0 +  H*a^
Energy OH* +  2H*a^
B a s is  Set I I  
1 .3 9 6 9  
120 . 0 °
1 8 0 .0 °
-7 6 .2 4 2 5 2 4  h a r tr e e s
-7 6 .3 7 1 5 7 9  h a r tr e e s  
0 .129055  h a r tr e e s  
-7 5 .9 7 8 0  
- 7 6 .3 3  
- 7 6 .1 0  
-7 6 .2 9  
-7 6 .4 1
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LUMINESCENCE STUDIES
PART I I
THE TEMPERATURE DEPENDENCE OF THE PHOSPHORESCENCE OF PHENANTHRENE 




S h if t  Observed Upon D egassin g  o f  Sample
S t o l z l e 1 observed  the e f f e c t s  o f d e g a ss in g  on the phosphores­
cence o f phenanthrene in  iso p r o p a n o l. I t  had been rep orted  p re­
v io u s ly  by von F o e r s te r 2 ̂ th a t  the p hosp horescent i n t e n s i t i e s  and 
l i f e t i m e s  o f p o lyarom atic  hydrocarbons were f a i r l y  co n sta n t upon 
warming from 77K u n t i l  a c e r ta in  tem p era tu re , vdiich v a r ie d  fo r  each  
s o lv e n t ,  was reach ed . Upon rea ch in g  t h i s  tem perature a rap id  
d e c lin e  in  both th e  i n t e n s i t i e s  and the l i f e t im e s  of th e  lum ino-  
phores was ob served . For heptane t h is  tem perature corresponded to  
the m eltin g  p o in t .  However, fo r  iso p r o p a n o l, t h i s  tem perature was 
much low er than th e  c r y s t a l  m e lt in g  p o in t .
S t o lz le  a l s o  observed  t h i s  low -tem perature quenching in  
iso p r o p a n o l, but d isc o v e r e d , upon fu r th e r  h e a t in g , th a t th e  phos­
phorescen ce reappeared . This reappearance had been rep orted  pre­
v io u s ly  a lth ou gh  S t o l z l e ,  a p p a r e n tly , was unaware o f i t .  S ch m illen  
and Tschampa^ had a lrea d y  shown th a t  the lo w -tem p era tu re , r a p id -  
change r e g io n  of phosp horescence in t e n s i t y  (and l i f e t i m e )  in  
a lc o h o l ic  s o lv e n t s  occurred  in  th e  g la s s  tra n sfo rm a tio n  r e g io n  and 
th a t  th e  second (or reappearance) r e g io n  corresponded to  c r y s t a l  
fo rm a tio n . The tem peratures observed in  e th a n o l, fo r  exam ple, are  
In  good correspondence w ith  the form ation  tem peratu res o f th e se  
" s t a t e s ” as measured by D i f f e r e n t i a l  Thermal A n a ly s is1* (DTA).
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Lum inescence, t h e r e f o r e ,  i s  a u s e f u l  t o o l  fo r  m on itor in g  changes of 
s t a t e .
F in a l ly ,  S t o lz le  observed  th a t d e g a ss in g  the sample produced  
l i t t l e  e f f e c t  on the tem perature dependence o f th e  phosp horescence  
I n t e n s i t y  but c o n s id e r a b le  e f f e c t s  on the. l i f e t im e  dependency.
S t o lz l e  su g g e ste d  th a t  th e  in t e n s i t y  o f th e  lu m in escen ce  o f phenan- 
th ren e  was in h ib it e d  by form ation  o f a com plex o f th e  e x c it e d  s t a t e  
w ith  the s o lv e n t  and thus on ly  th e  p hosp horescent l i f e t i m e  was 
a f fe c te d  by d e g a s s in g .
In l ig h t  of the work o f S ch m illen  and Tschampa, how ever, t h i s  
d e g a ss in g  e f f e c t  r e q u ire s  b e t te r  e x p la n a tio n . For t h i s  r e a so n , the  
e f f e c t s  o f  g a ses  (O xygen, N itr o g e n , Argon, and E th an e) upon th e  
tem perature dependence o f the phosp horescence o f phenanthrene in  
e th a n o l have been s tu d ie d .*  The e f f e c t  o f d e g a ss in g  on th e  
in t e n s i t y  and l i f e t im e  of t h i s  lum inescen ce i s  shown in  f ig u r e  1 .
This e f f e c t  in  g la s s y  e th a n o l had been observed  p r e v io u s ly  by 
M artinez e t  a l . 5 , who a t tr ib u te d  the s h i f t  in  in t e n s i t y  and 
l i f e t i m e  to  quenching by oxygen as i t  d if fu s e d  through the so fte n e d  
g l a s s .  Two areas o f r a th er  g e n e r a l in t e r e s t  converge in  t h i s  one 
problem: th e  p r o p e r t ie s  o f g l a s s e s ,  and oxygen-quenching of
p h o sp h o rescen ce .
R e la t io n s h ip  to  G lass Theory
The stu dy of g la s s e s  i s  a t once one o f th e  o ld e s t  and y e t
*With G. S c h o e f f le r .
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new est f i e l d s  in  s c i e n c e .8 *^ Many e m p ir ic a l f a c t s  about g la s s e s  
are known but q u a n t i ta t iv e  t h e o r ie s  to  e x p la in  them are r a r e .
G la sses  are known, how ever, to  be prone to  r e la x a t io n  e f f e c t s .
That i s ,  the observed  p r o p e r t ie s  a r is e  by the i n a b i l i t y  o f the  
m o le c u le s  to  a d ju st  th em se lv es  w ith  s u f f i c i e n t  r a p id it y  to  
d i f f e r e n t  s t im u l i .  The p r o p e r t ie s  observed fo r  a g l a s s ,  t h e r e f o r e ,  
are dependent upon i t s  p ast h i s t o r y ,  e . g . ,  the c o o lin g  r a te  during  
g la s s  form ation  and th e  e x te n t  o f a n n e a lin g .
W hile r e la x a t io n  e f f e c t s  are Im portant in  g la s s  th e o r y , a 
paradox, f i r s t  d isc u sse d  by Kauzmann, 8 a r i s e s  i f  th e  g la s s  
form ation  i s  assumed to  be o f c o m p le te ly  k in e t i c  o r ig in .  Kauzmann 
showed, assum ing k i n e t i c  e f f e c t s  are  avo id ed  by i n f i n i t e l y  slow  
m easurem ents, th a t  th e  e x tr a p o la te d  curves fo r  en tro p y , heat 
c o n te n t , s p e c i f i c  volum e, e t c .  o f  the su p erco o led  l iq u id  would go 
to  zero  above a b so lu te  z e r o , thus g iv in g  r i s e  to  n e g a t iv e  zero  
p o in t v a lu e s  fo r  th e se  q u a n t i t i e s .  T h er e fo re , Kauzmann proposed  
th e  e x is t e n c e  o f a p o in t (n o t ob served ) a t  which spontaneous  
c r y s t a l l i z a t i o n  would ta k e  p la c e .
A d i f f e r e n t  s o lu t io n  to  t h i s  paradox was proposed in  th e
q
h ig h ly  l im ite d  y e t  s u c c e s s f u l  th eo ry  of Gibbs and Dim arzio who 
assumed th a t a secon d -ord er  phase t r a n s i t io n  u n d e r lie s  th e  g la s s y  
s t a t e  and would be found i f  exp erim en ts were done i n f i n i t e l y  
s lo w ly . T h is assum ption  has not and e v id e n t ly  can not be v e r i f i e d  
e x p e r im e n ta lly . C on seq u en tly , any fu r th e r  d is c u s s io n  o f g la s s e s  
w i l l  be postponed u n t i l  a f t e r  the p r e s e n ta t io n  o f r e s u l t s .
Figure 1
The r e la t iv e  i n t e n s i t i e s  and a b so lu te  l i f e t im e s  measured fo r  the  
phosp horescence o f  phenanthrene in  e th a n o l as a fu n c tio n  of tem pera­























145 155116 125 13510585 9575
■
15514595 12585 105 115 13575
Temperature (degrees K)
1 0 8
T h esis  -  O2 and N2  Can Break H-Bonds
The mechanism su g g ested  by M artinez e t  a l . 5 to  e x p la in  the
s h i f t  in  the g la s s  r e g io n  observed  in  f ig u r e  1  i s  c e r t a in ly  reason ­
a b le  in  v iew  of th e  f a c t  th a t  phosp horescence quenching by oxygen  
i s  w e l l  k n o w n . T h i s  quenching r e s u l t s  from t r i p l e t - t r i p l e t  
a n n ih i la t io n ,  in  which energy  and sp in  are exchanged between two 
t r i p l e t  s t a t e s ,  so th a t one i s  degraded to  a g r o u n d -s ta te  s i n g l e t ,  
and th e  o th er  r a is e d  to  a h ig h e r - s in g le t  s t a t e .  S in ce m olecu lar  
oxygen has a t r i p l e t  ground s t a t e  and a lo w - ly in g , e x c it e d  s in g le t  
s t a t e ,  i t  i s  a h ig h ly  e f f i c i e n t  quencher.
I t  i s  observed ( c f .  f ig u r e  1 ) th a t  d eg a ss in g  a f f e c t s  not on ly  
th e  g la s s  reg io n  b u t, a p p a r e n tly , the c r y s t a l  r e g io n  as w e l l .  The 
d e p r e ss io n  o f the c r y s t a l  r e g io n  o n se t to  lower tem p era tu res , the  
d e p r e ss io n  o f the tem perature a t which the maximum o c c u r s , and the  
d e p r e ss io n  o f the tem perature o f  f i n a l  d isappearance fo r  t h i s  upper 
r e g io n  i s  c h a r a c t e r is t ic  o f  system s c o n ta in in g  oxygen or n itr o g e n .
This phenomenon has not been r e p o r te d . I t  seems to  be a t tr ib u t a b le  
to  an e f f e c t  o f th e  d is s o lv e d  g a ses  on the p h y s ic a l  p r o p e r t ie s  of 
th e  e th a n o l. S in ce  the dominant in te r m o le c u la r  fo r c e  in  e th a n o l i s  
hydrogen bond ing , ^ 1  th e  d is s o lv e d  oxygen or n itr o g e n  i s  e v id e n t ly  
in f lu e n c in g  t h i s  p ro p erty .
R e la t io n s h ip  to  Hydrogen Bond Breaking S tu d ie s
Many compounds o f oxygen and n itr o g e n  are w ell-know n hydrogen  
bond a c c e p to r s . This a b i l i t y  has not been s tu d ie d  e x t e n s iv e ly  for  
02  and N2 ; how ever, an in fr a r e d  a b so r p tio n  s h i f t  was rep o rted ^ 2  fo r
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th e se  compounds, as w e ll  as fo r  n itr o u s  o x id e , when th e se  gases  
were adsorbed onto s i l i c a .  T h is s h i f t  was a t tr ib u te d  to  hydrogen  
bonding betw een th e  g a ses  and hydroxyl groups on th e  su r fa c e  o f the  
s i l i c a .  S em iem p ir ica l quantum m echan ical c a lc u la t io n s  appeared to  
support t h is  a s s e r t io n . i 3  The v a r io u s  s h i f t s  observed  fo r  e th a n o l,  
th e n , are probab ly  due to  oxygen-quenching of th e  phosp horescence  
in  th e  g la s s  r e g io n  as w e l l  as hydrogen bond break ing  by 02  and N2  
( e v id e n t ly  by c o m p e tit iv e  c o m p le x a tio n ).
Hydrogen bond breaking by a n e s th e t ic s  was d isc o v e r e d  by the  
M ontreal group . 11*- 3 7  A d ir e c t  p r o p o r t io n a l i ty  o f t h is  p rop erty  and 
a n e s th e t ic  p oten cy  was ob serv ed . S in ce  both n itr o u s  o x id e  and 
n itr o g e n  are known to  have a n e s th e t ic  p r o p e r t ie s ,  th e  id ea  of 
hydrogen bond breaking by N2 and NO i s  f e a s i b l e .  I t  i s  not known 
w hether 0 2  has a n e s th e t ic  p r o p e r t ie s  or not s in c e  i t  i s  t o x ic  a t  
h ig h  p r e s su r e s . N e v e r th e le s s , t h i s  work s u g g e s ts  th a t  i t  can break 
hydrogen bonds as w e l l .
Both o f th e se  a r e a s ,  hydrogen bond b reak in g  and oxygen  
e f f e c t s ,  are o f fundam ental im portance to  b io lo g y . For exam ple, 
a n e s th e t ic s  are known to  have d e le t e r io u s  e f f e c t s  upon m i t o s i s , 3 8 »33  
e v id e n t ly  a f f e c t in g  th e  DNA o f  the m icroorganism s of i n t e r e s t .
S im ila r ly ,  oxygen i s  th e  b a s is  o f most m eta b o lic  sy ste m s. I n te r ­
a c t io n  between oxygen (o r  n itr o g e n )  and DNA I s  a s t a r t l i n g  
c o n je c tu r e ;  n e v e r t h e le s s ,  i t  has been s u b s ta n t ia te d  by th e  ob serva­
t io n  th a t the m e lt in g  curve o f  DNA s h i f t s  upon d e g a s s in g . Hydrogen 
bonding has a l s o  r e c e n t ly  been found to  be im portant in  th e
coraplexation  of oxygen by oxym oglobin2^ ; t h i s  hydrogen bond, 
b a s is  of our work, may not be a unique as supposed .
CHAPTER II
EXPERIMENTAL WORK AND RESULTS THEREOF
The ex p er im en ta l arrangem ent, somewhat m o d ified , i s  th a t  
provided  in  the g e n e r a l in tr o d u c t io n . A la r g e  phosphorescope was 
employed in  order to  perm it use o f a la r g e r ,  (1 £ )  dewar. The 
g r e a te r  co o la n t volum es p o s s ib le  w ith  IB, containm ent improved th e  
tem perature s t a b i l i t y  o f the sy stem . Tem peratures betw een 77 and 
160K were ob ta in ed  by f lo w in g  c h i l l e d  n itr o g e n  vapors in to  the  
dewar. These vapors were gen era ted  ( fo l lo w in g  a s u g g e s t io n  by J .  
S c o t t )  by m eter in g  n itr o g e n  gas through a copper c o i l  immersed in  
l iq u id  n itr o g e n . Temperature c o n tr o l  was rep ro d u c ib le  w ith in
± 2Ke
Temperature measurement was e f f e c t e d  by ta p in g  a co p p er-  
con sta n ta n  therm ocouple to  th e  o u ts id e  o f the sample tube ( 8  mm 
O.D. s u p r a s i l ) .  The therm ocouple was connected  in  p a r a l le l  to  a 
p o te n tio m ete r  (L eeds and Northrup #8690) and a r o l l in g  ch art  
record er  (S a r g e n t) .  A r e fe r e n c e  p o t e n t ia l  was provided  by 
im m ersing th e  second ju n c tio n  in  an ic e -w a te r  b a th . The in h eren t  
erro r  in  tem perature measurement was l e s s  than +  0 . 5K.
The sam ples were co o led  q u ic k ly  ( ,v20K/min) t o  the a n n ea lin g  
p o in t ('vlOSK) and h e ld  a t t h i s  tem perature fo r  ap p rox im ate ly  te n  
m in u tes . A nnealing preven ted  th e  f lu c t u a t io n s  of i n t e n s i t y  a s s o c i -  
a b le  w ith  cracked sam p les. A fte r  a n n e a lin g , th e  sample was coo led  
fu r th e r  to  77K. Upon e q u i l ib r a t io n  (^ 3-5  m in u te s ) ,  a measurement 
was taken and the n itr o g e n  f lo w  red u ced . A fter  r e e q u i l ib r ia t io n ,
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the p r o c e ss  was r e p e a te d . Upon p assage  through th e  g la s s  r e g io n ,  
an increm ented  e m is s iv i t y  caused by th e  form ation  o f c r y s t a l s  was 
o b served . The i n i t i a l  tem p era tu re , in  t h i s  r e g io n  was m aintained  
fo r  30-45 m in u tes to  perm it fu r th e r  c r y s t a l  grow th. Some sam ples 
ev id en ced  c o n s id e r a b le  h e s i t a t io n  in  th e  c r y s t a l  form ation  p r o c e ss .
This h e s i t a t io n  was c h a r a c t e r i s t ic  o f th o se  system s c o n ta in in g  
oxygen and n itr o g e n ;  some sam ples o f t h is  type had to  be r e c o o le d  
below  1 1 0 K, and rewarmed, b e fo re  c r y s t a l  growth was observed  to  
i n i t i a t e .  Samples not c o n ta in in g  oxygen or n itr o g e n  e x h ib ite d  
ra p id  c r y s t a l  growth in  alm ost a l l  c a s e s .
Phenanthrene was zone r e f in e d  (more than 100 p a s s e s ) .  E thanol 
was d i s t i l l e d  tw ice  from b u lk , once w ith  CaO and once w ith  Mg 
(under n itr o g e n  a tm osp h ere). Fresh  s o lu t io n s  were prepared fo r  
each  e x p er im en ta l run. Sample c o n c e n tr a t io n s  v a r ie d  w ith in  th e  
range 7-13  mg/ml ( i . e . ,  IC ^ -IO -1* M). These s o lu t io n s  were p laced  
in  the e m iss io n  tu b es and d egassed  by 2 0  (or more) fr e e z e - th a w  
c y c le s  to  a f i n a l  p ressu re  l e s s  than ly  a t  77K. The v a r io u s  g a ses  
( a l l  99.99% M atheson grade) were th en  added and th e  tu b es s c a le d .  
Samples in  which the p ressu re  was g r e a te r  than atm ospheric were 
c lo s e d  w ith  a b u i l t - i n  s to p co c k . The o n ly  sam ples not tr e a te d  in  
t h i s  manner were the "non-degassed" and "satu rated"  sam ples which 
were c lo s e d  w ith  a s to p co c k .
L ife t im e  measurements were made by abrupt s h u tte r in g  of the  
e x c i t a t io n  l i g h t .  The decay curves were d isp la y e d  on an x -y
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record er  op erated  in  the tim e sweep mode. The p h oto tu b e , e l e c t r o ­
m eter and x -y  reco rd er  had a measured resp on se  tim e of 0 . 7 5 s ;  
th e r e fo r e  l i f e t im e s  l e s s  than I s  were not co n sid ered  r e l i a b l e .  T he 
measured in t e n s i t y  was s e n s i t iv e  to  minor changes in  a lignm ent 
which n e c e s s i ta t e d  the d e s ig n  of a new dewar h o ld e r . The 
i n t e n s i t i e s  ob ta in ed  w ith  t h is  h o ld er  were su b je c t  to  + 1 0 % v a r ia ­
t io n s .
R e s u lts  fo r  a d egassed  sample are compared in  f ig u r e  2 to  
th o se  fo r  degassed  sam ples p r e s su r iz e d  under 500T Ethane and 1000T 
Ar. The observed  v a r ia t io n s  are s l i g h t l y  la r g e r  than the  
ex p er im en ta l e r r o r , the major d e v ia t io n s  o ccu rrin g  in  the h igh er  
tem peratu re p o r tio n  of th e  g la s s  t r a n s i t io n  reg im e. The d i f ­
fe r e n c e s  are a p p a ren tly  due to  p ressu re  e f f e c t s  on th e  g l a s s ,  
a lth o u g h  tr a c e s  of contam inants may have been r e s p o n s ib le .  The 
c r y s t a l  r e g io n s  show e x c e l le n t  corresp o n d en ce , a lth ou gh  the  
i n t e n s i t i e s  do vary somewhat. T h is v a r ia t io n  may be a r e s u l t  of 
th e  d i f f i c u l t y  of c r y s t a l  form ation  caused by the p resen ce  of the  
g a s e s .  Thus, the sample c o n ta in in g  ethane e x h ib ite d  the h ig h e s t  
degree o f v a r ia t io n .
The r e la t iv e  a b so r p tio n  c o e f f i c i e n t s  fo r  r e le v a n t  gases  are 
shown in  Table I I .  A l l  show comparable s o l u b i l i t i e s ,  th e  s m a lle s t  
being th a t of N2  which i s  l e s s  by a f a c to r  of tw o. A lthough th ese  
a b so r p tio n  c o e f f i c i e n t s  were measured a t room tem perature and 
a tm osp h eric  p r e s su r e , the rap id  c o o lin g  r a te  used in  p roceed in g  
from room tem perature to  th e  g la s s  a n n ea lin g  p o in t i s  exp ected  to
Figure 2
P hosphorescence i n t e n s i t i e s  and l i f e t im e s  for  phenanthrene in  
e th a n o l -  D egassed ( s q u a r e s ) ,  D egassed + 1000T Ar (open c i r c l e s ) ,  
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make th e se  d ata  p e r t in e n t .
In  f ig u r e  3 , th e  r e s u l t s  ob ta in ed  fo r  s e v e r a l  p r e ssu re s  of
oxygen are shown. A la r g e  s h i f t  I s  e v id e n t  a t h igh er  c o n c e n tr a t io n s
of oxygen. In d eed , th e  lo s s  o f i n t e n s i t y  in  th e  oxygen "saturated"
sample I s  im m ediate and i s  r e f l e c t e d  in  th e  d ec r ea se  o f th e  l i f e t im e
curve as w e l l .  T h is rap id  d e c lin e  occu rs tw e lv e  d egrees below th e
accep ted  g la s s  t r a n s i t io n  tem perature fo r  ethanol®  i -12  (95-100K  fo r
nondegassed sa m p le s). W hile an e f f e c t  a t tr ib u t a b le  to  the
phosp horescence quenching a b i l i t y  of oxygen i s  ex p ected  to  appear in
th e  g la s s  t r a n s i t io n  r e g io n , such an e f f e c t  i s  not exp ected  in  th e
c r y s t a l  r e g io n . The on set of c r y s t a l l i z a t i o n  (TQ) in  the oxygen
"satu rated "  sam ple was s h i f t e d  ap p rox im ately  tw enty d egrees r e la t iv e
to  the d egassed  sam ple, and both the maximum and d isap p earan ce
tem peratu res fo r  t h is  r e g io n  (T ,T .)  were f i f t e e n  d egrees  low er.
in d
These s h i f t s  are d i f f i c u l t  to  e x p la in  in  term s of an " annealin g  of 
th e  c r y s t a l ."
That th e re  i s  a therm al s h i f t  o f th e  decay curves due to  oxygen  
d if f u s io n  through a g la s s  in  th e  a n n ea lin g  r e g io n  i s  confirm ed in  
f ig u r e  4 , which shows th e  cu rves ob ta in ed  fo r  nondegassed and 
d egassed  sam ples o f phenanthrene in  2 ,3 -d im e th y l p en tan e . Thus, i t  
can not be confirm ed th a t  the e f f e c t  o f O2  in  the g la s s  r e g io n  i s  
caused  by hydrogen bond b reak in g . N e v e r th e le s s ,  some such e f f e c t  
may be in d ic a te d  by the s ig n i f i c a n t  lo w er in g  o f the o n se t o f  
quenching in  th e  oxygen "saturated"  sample below  th e  a ccep ted  g la s s  
t r a n s i t io n  tem p eratu re .
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F igure 3
Phosphorescence i n t e n s i t i e s  and l i f e t i m e s  fo r  phenanthrene in  
e th a n o l -  D egassed + 500 mT (open t r i a n g l e s ) ,  D egassed +  500T O2 




















P hosphorescence i n t e n s i t i e s  and l i f e t i m e s  fo r  phenanthrene in  
2 , 3 -d im eth y l pentane -  nondegassed  sample ( c i r c l e s )  and d egassed  
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The in te r p r e ta t io n  o f the c r y s t a l  r e g io n , how ever, i s  a 
d if f e r e n t  m a tter . Here a l l  tem peratu res ( o n s e t ,  maximum, and 
d isa p p ea ra n ce) a r e  a f f e c te d  and i t  i s  d i f f i c u l t  to  im agine any 
e f f e c t  b e s id e s  hydrogen bond breaking which cou ld  account fo r  t h is  
s h i f t .
Further ev id en ce  fo r  t h is  s u p p o s it io n  i s  g iv en  in  f ig u r e  5 
where a s im ila r  s h i f t  i s  observed  both in  the g la s s  and c r y s t a l  
r e g io n s .  The d i f f e r e n c e s  o f i n t e n s i t i e s  o f the N2 “ " sa tu rated "  and 
1000T N2  sam ples in  th e  g la s s  t r a n s i t io n  o n set r e g io n  may be due to  
in co m p lete  rem oval o f oxygen by n itr o g e n  bubbling or to  some oth er  
ex p er im en ta l a r t i f a c t .  A gain , how ever, th e r e  e x i s t s  a s ig n i f i c a n t  
s h i f t  in  both r e g io n s  fo r  both sam p les . Thus, n itr o g e n  unm istak­
ab ly  cau ses a s h i f t  s im ila r  to  th a t  gen era ted  by oxygen.
T his s h i f t  in  the 1000T N2 sample i s  not caused by oxygen
im p u rity , which i s ,  a t  m ost, 30 ppm ( i . e . ,  <30 mT 02 ) .  The r e s u l t s
fo r  th e  500 mT O2  sam ple, which i s  an order o f m agnitude h ig h er  in  
02  c o n te n t , mimic th e  degassed  sam ple, in d ic a t in g  th a t  30 mT i s  an 
i n s ig n i f i c a n t  im p u rity  a d d it io n . T his s h i f t  i s  a l s o  not due to  
p ressu re  e f f e c t s ,  a s shown by com parison o f th e  1000T Ar w ith  1000T 
N2  sample ( c f .  f ig u r e  6 ) .  S im i la r ly ,  s in c e  argon i s  rou gh ly  tw ice
as s o lu b le  as n itr o g e n  th e  s h i f t  shown in  th e  c r y s t a l  r e g io n  cannot
be due to  sim ple im p u rity  e f f e c t s  ( i . e . *  f r e e z in g  p o in t d e p r e s s io n ) .
Figure 5
P hosphorescence i n t e n s i t i e s  and l i f e t i m e s  of phenanthrene in  e th a n o l  
D egassed sample ( f i l l e d  s q u a r e s ) ,  D egassed + 1000T N2 ( c i r c l e s ) ,  and 
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F igu re  6
Phosphorescence i n t e n s i t i e s  and l i f e t i m e s  fo r  phenanthrene in  
e th a n o l -  D egassed +  1000T Ar (open c i r c l e s ) ,  and D egassed +  1000T 
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Table I • R e la t iv e  s o l u b i l i t i e s  o f th e  v a r io u s  g a se s  used in  e th a n o l.
a)
Gas B, Bunsen a b so r p tio n  c o e f f i c i e n t
Ar 0 .237  (a t 25C)
C2 H6 0 .2 0 9 8  (a t 25C)
N 0 .1 1 9 8  (a t  24C)
0 0 .2177  (a t  24C)
a ) D efin ed  as the m i l l i l i t e r s  o f  gas ( c o r r e c te d  to  STP) absorbed by 
1 cc o f  l iq u id .  When the p a r t ia l  p ressu re  o f the gas i s  1 atm os­
p h ere . See r e fe r e n c e s  25 and 26.
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Table I I .  Apparent g la s s  t r a n s i t io n  tem p eratu res ( i n  d egrees  K e lv in )  
and c r y s t a l  r e g io n  d a ta .
Sample T In. Zm. U
D egassed 107-117 133 144 154
1000T Ar 104-111 135 140 152
SOOT Ethane 104-109 135 144 156
Nondegassed 90-100 124 129 145
02  S atu rated 83-93K 113 130 139
500T 02 9 4 -1 03K 129 140 150
500 mT 02 106-115K 133 139 153
N2 S atu rated 90-95 127 135 147
1000T N2 93-98K 128 134 143
CHAPTER III
ON THE GLASS TRANSITION
T h e o r e t ic a l  Compendium
The tra n sfo r m a tio n  o f a su p erco o led  liqu i-d  in to  a g la s s  i s  a
g e n e r a l c h a r a c t e r i s t ic  o f m a tter . G lass t r a n s i t io n s  have been
observed  fo r  hyd rocarb on s, h ig h ly -p o la r  compounds, in o r g a n ic s ,
p o lym ers, even  e lem en tary  m a te r ia ls .  As m entioned p r e v io u s ly ,  a
g r ea t d e a l o f work i s  being  done on g la s s y  system s by s c i e n t i s t s
in  many d i f f e r e n t  d i s c i p l i n e s .*  The la r g e s t  curren t areas o f
r e se a r c h  on t h i s  s u b je c t ,  both  t h e o r e t ic a l  and e x p e r im e n ta l, are
probably th o se  con cern in g  amorphous sem iconductors and g la s s y
p olym ers. T h is e x te n s iv e  work prom ises new in s ig h t s  in to  t h is
r a th er  c h a o t ic  a r e a . For exam ple, t o p o lo g ic a l  approaches seem to
show g rea t prom ise o f p e n e tr a t in g  to  the h eart of t h i s  maze.^
N e v e r th e le s s ,  the most s u c c e s s f u l  g la s s  th eory2-1 I s  perhaps th a t
o f G ibbs and D im arzio . 9 T h is th e o r y , which in c o r p o r a te s  a l a t t i c e
model fo r  l in e a r  p o lym ers, s u c c e s s f u l ly  p r e d ic ts  th e  dependence o f
g la s s  t r a n s i t io n  tem p eratu res and s p e c i f i c  volum es on m o lecu lar
w e ig h ts . In  i t ,  monomers in  a ch a in  (o f  len g th  x )  a re  a llo w ed  to
occupy e i t h e r  h ig h -en er g y  or low -en ergy  conform ations on a
l a t t i c e .  The l a t t i c e  may have a number of unoccupied  s i t e s ,  th e
number o f which I s  denoted  n . Furtherm ore, s in c e  many d i f f e r e n t
o
♦ R ecen tly  a g la s s y  s t a t e  o f s t a i n l e s s  s t e e l  has been a c h ie v e d .29
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con form ation s g iv e  e q u iv a le n t  e n e r g ie s ,  a degeneracy  or w e ig h tin g
fa c to r  must be in co rp o ra ted  in  the Boltzm ann Sum. T h is degeneracy
i s  denoted  W (f,n Q) ,  where f  i s  th e  f r a c t io n  of bonds in  th e
" flexed "  or h ig h -en erg y  con form ation . T h is fa c to r  i s  d e fin e d  as
the number of ways in  which n polym ers (c o n ta in in g  x  monomers) can
■be packed on th e  l a t t i c e  of (xn  +  n ) s i t e s  when th e  t o t a l  number
x  o
o f " flexed "  bonds i s  f ( x - 3 ) n  ( s in c e  th e  number o f bonds in  a
x
polymer o f le n g th  x  i s  x- 1  and th e  two end bonds are i n f l e x i b l e ) .
The minimum v a lu e  o f the degeneracy W (f,nQ) i s  u n ity . S in ce
W (f,n  ) i s  a m onotonic in c r e a s in g  fu n c tio n  of tem p era tu re , a 
o
tem perature (T2 ) e x i s t s  below  which th e  polymer system  cannot 
become l e s s  d e g e n e r a te . T h is p o in t (b elow  which W = 1 )  i s  termed  
the "amorphous ground s t a t e ."  The p a r t i t io n  fu n c tio n  fo r  t h is  
model s u g g e s ts  the p resen ce  o f d isc o n tin u o u s  d e r iv a t iv e s  o f the  
in t e r n a l  en erg y , e n tro p y , f r e e  energy and s p e c i f i c  volume (w ith  
r e sp e c t  to  tem p e r a tu re ) . Thus, a secon d -ord er  phase t r a n s i t io n  i s  
in d ic a t e d . T his r e s u l t  d i f f e r s  somewhat from Kauzmann's o r ig in a l  
p ro p o sa l o f  spontaneous c r y s t a l l i z a t i o n  which r e q u ir e s  a f i r s t -  
order phase t r a n s i t io n .  I t  must be ob serv ed , how ever, th a t  W (f,n Q) 
i s  u n ity  fo r  a system  o f polym ers w ith  a l l  bonds u n f le x e d , as w e ll  
as fo r  th e  "amorphous ground s t a t e ."  T h is u n flex e d  system  may be 
co n sid er e d  to  be c r y s t a l l i n e .  Thus, some r e la t io n s h ip  between  
Kauzmann's p ro p o sa l and Gibbs and D im a rz io 's  th eory  must e x i s t .
The G-D th e o r y  i s  h ig h ly  s u c c e s s f u l  in  p r e d ic t in g  g la s s  
t r a n s i t io n  tem peratu res fo r  l in e a r  polym ers o f g iv e n  m olecu lar
w e ig h ts . I t  I s  not e a s i l y  e x t e n s ib le  to  o th er  sy ste m s , 2 1  how ever, 
and such e x te n s io n s  as have been made are not f ir m ly  based in  
i n t u i t i v e  c o n cep ts: There does not appear to  be any stro n g
s im i la r i t y  betw een g la s s y  polym ers and amorphous sem ico n d u cto rs , 
fo r  in s ta n c e .
E xperim ental Review
E xperim ental measurem ents on g la s s e s  are numerous, th e  most 
p e r t in e n t  to  a lc o h o l  g la s s  b ein g  th o se  o f L e s ik a r H *2 2  and M artine  
e t  a l . 5 L eslk ar  s tu d ie d  the e f f e c t s  o f o rgan ic  h a l id e ^ 1 co n ten t  
on g la s s  form ation  tem peratu res (T ) o f normal a lc o h o ls ,  as w e ll  
as the e f f e c t s  of Lew is b a s e s 2 2  on th e  same a lc o h o ls .  The normal 
a lc o h o ls  were chosen  because hydrogen bonding i s  e v id e n t ly  more 
im portant as a determ inant o f  T^ fo r  th e se  than fo r  branched  
a lc o h o ls . 2 3  M artinez and coworkers s tu d ie d  th e  e f f e c t s  o f h e a tin g  
and c o o lin g  r a te s  on T in  e th a n o l u s in g  f lu o r e s c e n c e  d e p o la r iz a -
s
t io n  and d elayed  f lu o r e s c e n c e  m easurem ents. A d is c u s s io n  of th e se  
measurem ents w i l l  now be p r e sen te d .
L esik ar  used d i f f e r e n t i a l  therm al a n a ly s is  (DTA) t o  stu dy
m ixtu res o f th e  lower normal a lc o h o ls  w ith  organ ic  h a l id e s *  and
+
Lewis b a s e s . In  the former s tu d y , th e  measured g la s s  t r a n s i t io n
*001^, CHCI3 , CH2 C12 , C2 HCI3 , C2 CI4 , CH2 CI-CH2C I. See r e fe r e n c e  1 
t P y r id in e , t r i e t h y l  am ine, d ie t h y l  e th e r ,  iso p r o p y l e th e r ,  d ioxane  
a c e to n e , m ethyl e th y l  k e to n e , m e th y lls o b u ty l k e to n e , cyclohexanon e  
b en za ld eh yd e , ace top h en on e , EtAc, DMSO, DMAA, to lu e n e  and benzene. 
See r e fe r e n c e  22.
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p r o p e r t ie s ,  nam ely th e  e x c e s s  g la s s  tem peratu re (Te ) ,  ( th e  In crea se  
In  T above th a t  ex p ec ted  fo r  an id e a l  m ixture based upon a
s
presumed l in e a r  v a r ia t io n  between th e  T g 's  fo r  pure a lc o h o l  and 
pure org a n ic  h a l id e )  and th e  i n i t i a l  molar s lo p e  (IMS) (th e  r a te  of 
change o f T w ith  com p osition  a t low c o n c e n tr a t io n s  of org a n ic
o
h a l id e )  were found to  be dependent upon the hydrogen bonding 
p r o p e r t ie s  o f th e  organ ic  h a l id e .  Carbon t e t r a c h lo r id e ,  fo r  
exam ple, which does not hydrogen bond to any la r g e  e x te n t ,  showed a 
very  la r g e  IMS and a very  sm a ll T& ( l e s s  than 2°C ). C h loroform , on 
th e  o th er  hand, which i s  a s tr o n g  hydrogen bond donor (and a ls o  a 
good a n e s t h e t i c ! ) ,  showed th e  s m a lle s t  v a lu e s  o f IMS and a l s o  very  
la r g e  v a lu e s  o f Te . L esik ar  th e r e fo r e  concluded th a t  a lc o h o l-  
organ ic  h a lid e  c lu s t e r s  were form ing in  the a lc o h o l- r ic h  m ixtures  
and th a t  t h i s  c lu s t e r in g  r a is e d  th e  v a lu e  o f Tg.
The v a r io u s  Lew is bases d id  not g iv e  s im ila r  r e s u l t s ;  
t h e r e f o r e ,  th e  bases were c o n jec tu red  to  c o o r d in a te , by d ip o la r  
f o r c e s ,  to  th e  p r e - e x is t in g  a lc o h o l  a s s o c ia t io n  c h a in s . L esik a r  
did  not f in d ,  to  h is  s u r p r is e ,  th a t  th e se  hydrogen-bond a c c ep to r s  
u t i l i z e d  t h i s  c a p a b i l i t y  in  low -tem perature s o lu t io n s .
S t e r ic  e f f e c t s ,  th e n , can dom inate hydrogen bonding e f f e c t s  i n .  
g la s s  fo rm a tio n . L e s ik a r 's  work may be in te r p r e te d  i n t u i t i v e l y  by 
su p p osin g  th a t  normal a lc o h o ls  below t h e ir  f r e e z in g  p o in t ,  can  
in c o rp o ra te  hydrogen-bond donors in to  th e  " c la n ,"  but th a t  
hydrogen-bond a c c e p to r s  are r e j e c t e d ,  e v id e n t ly  because of some 
p r e c r y s t a l l in e  order imposed on th e  c h a in s . 0  ̂ and Nj, b e in g  sm all
are not so  s t e r l c a l l y  c o n s tr a in e d .
The work of M artinez et^ a l . 5  i s  of s ig n i f ic a n c e  to  any under­
sta n d in g  o f th e  g la s s  p r o p e r t ie s  o f e th a n o l. T heir work a ls o  
u t i l i z e d  lu m in escen ce te c h n iq u e s . Three r e g io n s  o f f lu o r e s c e n c e  
d e p o la r iz a t io n  were observed  to  occur in  g la s s y  e th a n o l:  9 0 -1 0 0 ,
106 and 1 2 1 K (th e  l a s t  two numbers in d ic a t in g  maximal v a lu e  
tem p e r a tu re s) . The d e layed  f lu o r e s c e n c e  e x h ib ite d  o n ly  two 
r e g io n s ,  w ith  maxima a t 108 and 121K. The in te r p r e ta t io n  g iv en  
th e se  r e g io n s , based on the e s ta b l is h e d  T fo r  e th a n o l o f 95-100K
s
and the o b se r v a tio n  by radiow ave a b so r p tio n 21* o f  m ic r o c r y s ta l  
form ation  in  e th a n o l a t  120K, was th a t the f i r s t  r e g io n , th a t  a t  
90-100K , corresponded  to  th e  g la s s  t r a n s i t io n ,  th e  second to  
" r e la x a tio n "  o f the g la s s  and th e  th ir d  (maximum a t 1 2 1 K) to  
form ation  o f m ic r o c r y s t a ls .  They a l s o  observed  t h a t ,  fo r  slow  
c o o lin g  and h e a t in g  r a te s  ( i . e . ,  r a te s  l e s s  than 0.2K p er  se c o n d ), 
th e  r e g io n  m axim izing a t 108K in  th e  d elayed  f lu o r e s c e n c e  
d isa p p e a r s , and tha the in c r e a s e  in  delayed  f lu o r e s c e n c e  fo r  th e  
1 2 1 K r e g io n  corresp on d s to  the d ecrea se  observed  in  phosp hores­
cence i n t e n s i t y .  ( A l l  o f t h i s  work was c a r r ie d  out in  d egassed  
e th a n o l and th e  curv ob ta in ed  fo r  phosphorescence d e c lin e  in  
s lo w ly -c o o le d  and h eated  e th a n o l correspond s to  th a t observed  in  
our d egassed  sa m p le s .)
S in ce  we have shown th a t  the c r y s t a l  r e g io n  (and , h e n c e , m icro  
c r y s t a l l i z a t i o n  o f  e th a n o l)  i s  a f f e c te d  by d is s o lv e d  and O2 , and 
s in c e  the d e layed  f lu o r e s c e n c e  (DF) o f  co n cen tra ted  s o lu t io n s  (*''10
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M phenanthrene) showed no DF in c r e a s e  in  the 90-100K r e g io n , a 
r e in t e r p r e t a t io n  of th e  work o f M artinez ^  a l . i s  a p p a ren tly  
r e q u ir e d . The in te n s e  DF peak a t 121K may be a s s ig n e d  as th e  g la s s  
t r a n s i t io n  because in  t h i s  t r a n s i t io n  v i s c o s i t y  v a r ie s  between  
1 0 13 - 1 0 7 p o i s e ,  thus a llo w in g  g r e a te r  m o b ility  o f the phenanthrene.
The f i r s t  DF peak a t  108K, which d isa p p ea rs  upon slow  c o o l in g ,  i s ,  
as s t a t e d ,  a " r e la x a tio n "  of th e  g la s s  o r , more s im p ly , the  
a n n e a lin g  p o in t .  F in a l ly ,  th e  r e g io n  a t 90-100K observed  in  th e  
d e p o la r iz a t io n  of f lu o r e s c e n c e  experim ent but not in  DF may be a 
"breathing" o f th e  g l a s s ,  th a t  i s ,  a second a n n ea lin g  p o in t .
With t h i s  in t e r p r e t a t io n ,  i t  may be seen  t h a t ,  in  the r a p id ly  
c o o le d  g l a s s ,  a t  l e a s t  th r ee  d i f f e r e n t  c o n f ig u r a t io n s  are 
a p p a ren tly  " frozen  in ."  Two of th e se  " frozen  in" c o n f ig u r a t io n s  
a llo w  d i f f u s io n  of the im p u rity  m o lecu les  ( i . e . ,  th o se  c o n fig u r a ­
t io n s  fro z e n  in  a t ^108 and 121K ), w h ile  one does not ( th a t  at 
90-100K ). (The term " c o n fig u ra tio n "  i s  being  used somewhat lo o s e ly  
because s e v e r a l  d i f f e r e n t  ty p es  o f co n certed  m olecu lar  m otions may 
be l o s t  in  each  tem perature r e g io n .)  T h is in te r p r e ta t io n  a ls o  
e x p la in s  the r e p o la r iz a t io n  of th e  f lu o r e s c e n c e  which occurs upon 
p a ss in g  through the f i r s t  two r e g io n s  a t 90-100  and 106K. The 
d e c lin e  o f th e  in te n s e  DF peak a t 121K w hich occu rs a t  h igh er  
tem p era tu res , how ever, cannot be e x p la in e d  in  term s of s o lv e n t  
c r y s t a l l i z a t i o n  s in c e  t h i s  was observed  to  occur ( c f .  f ig u r e  1 ) a t  
'vlSSK. The con tin u ed  d ecrea se  o f the v i s c o s i t y  o f the s o lv e n t  may 
a llo w  c o l l i s i o n a l  quenching to  compete w ith  t r i p l e t - t r i p l e t
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a n n ih i la t io n  in  d e p le t in g  th e  t r i p l e t  s t a t e  in  t h i s  r e g io n .  
Further work i s  e v id e n t ly  demanded.
CHAPTER IV
ON HYDROGEN BOND BREAKING
Overview
Hydrogen bonding has been s tu d ie d  fo r  q u ite  some t im e , the  
f i r s t  s u c c e s s f u l  th eo ry  being  th a t of P a u lin g 2 9  who tr e a te d  the  
in t e r a c t io n  as e l e c t r o s t a t i c .  C orrect energy  m agnitudes fo r  
hydrogen bonds were p r e d ic te d  by t r e a t in g  th e  e f f e c t  as a d ip o le -  
d ip o le  in t e r a c t io n .  However, th e  model f a i l e d  to  e x p la in  th e  
charge r e d is t r ib u t io n  ev id en ced  by the IR s h i f t  of hydrogen-bonded  
s p e c ie s .  T h is r e d is t r ib u t io n ,  in  tu r n , i s  s a t i s f a c t o r i l y  e x p la in e d  
by m olecu lar  o r b i t a l  th e o r y . A lthough H -bonding i s  q u ite  weak, i t  
appears to  be a d eq u a te ly  tr e a te d  by ab i n i t i o  quantum m echan ica l 
m olecu lar  o r b i t a l  t r e a tm e n ts .3® S em lem p ir ica l m ethods, w h ile  l e s s  
r e l i a b l e ,  are fr e q u e n tly  used because many of th e  system s of  
in t e r e s t  are q u ite  la r g e .
Hydrogen bonding a f f e c t s  th e  p h y s ic a l  p r o p e r t ie s  o f system s  
c o n ta in in g  th e se  bonds. D ir e c t  o b se r v a tio n s  o f hydrogen bonding  
are l im ite d  to  IR, and NMR sp e c tr o sc o p y , a lth o u g h  hydrogen bonding  
can be in fe r r e d  from x -ra y  c r y s ta llo g r a p h y  and o p t ic a l  a b so r p tio n  
s p e c tr o sc o p y . The methods o f IR and NMR sp e c tr o sc o p y  perm it an 
e v a lu a t io n  o f H-bond s t r e n g th s .
On th e  Hydrogen Bond B reaking A b i l i t y  o f  A n e s th e t ic s
During th e  stu d y  o f  th e  anharm onicity  o f  H-bond s h i f t e d  
v ib r a t io n s ,  d i  P aolo  and Sandorfy observed  th a t  the form ation  of
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hydrogen bonds was in h ib it e d  by bromine c o n ta in in g  f lu o r o c a r b o n s .  
S in ce  th e se  compounds are known a n e s t h e t ic s  a s e r i e s  o f s tu d ie s  was 
i n i t i a t e d  to  examine t h is  e f f e c t .
The system s s tu d ie d  were se lf -b o n d e d  w a ter , a lc o h o ls ,  amines 
and amides as w e ll  as some h eterogen eou s system s ( e . g . ,  w a ter -  
d io x a n e ) . IR bands which cou ld  be a sc r ib e d  to  "free"  and H-bond 
e n t i t i e s  were ob served . A s ig n i f i c a n t  s h i f t  in  th e  r e la t iv e  
p r o p o r tio n s  o f th e se  bands was found upon a d d it io n  o f a n e s th e t ic s  
to  the system . T h is e f f e c t  was g r e a t ly  in c r e a se d  by low erin g  the  
tem p era tu re , so th a t th e  a s s o c ia te d  (or H -bonded) band v i r t u a l ly  
d isap p eared  upon a d d it io n  o f the a n e s t h e t ic s .  The order fo r  HBB 
was g iv en  as F < C l < Br < I  and was found to  in c r e a s e  fo r  system  
c o n ta in in g  a c id ic  hydrogens. T h is order and the e f f e c t  o f a c id ic  
hydrogens mimics th e  e f f e c t  o f s u b s t i t u t io n  on a n e s th e t ic  power.
The mechanism by which HBB ta k e s  p la c e  i s  sim ply  c o m p e tit iv e  
com p lexation  of th e  H-bond donors by the a n e s th e t ic s  (o r  02 and 
N2 ) .  T h is co m p etitio n  i s  enhanced when the a n e s th e t ic  has the  
j o in t  a b i l i t y  to  a ccep t and to  donate H -bonds, as in  th e  c a se  fo r  
s p e c ie s  c o n ta in in g  a c id ic  hydrogens.
A s e m i-q u a n t ita t iv e  r e la t io n s h ip  was e s ta b l is h e d  in  a recen t  
paper by th e  M ontreal g r o u p s  betw een HBB and a n e s th e t ic  a b i l i t y .
In t h i s  stu d y  s o lu t io n s  c o n ta in in g  w a te r -d io x a n e , n - e t h y la c e t -  
am ide, and t -b u ta n o l were compared to  s im ila r  s o lu t io n s  con­
ta in in g  eq u a l molar q u a n t i t ie s  o f s e v e r a l  a n e s t h e t i c s .  The 
change in  th e  IR band areas o f th e  "free"  and a s s o c ia te d  bands
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was found to  c o r r e la te  w e ll  w ith  th e  in v e r se  o f the " e f f e c t iv e  
a n e s th e t ic  p r e ssu r e ."  This l a t t e r  q u a n tity  was d efin ed  as the  
p r e ssu re  o f  th e  a n e s th e t ic  req u ired  to  supp ress th e  r ig h t in g  
i n s t i n c t  in  f i f t y  p ercen t o f the ex p er im en ta l a n im a ls . 3-1
By v ir t u e  o f the above corresp on d en ce , an a n e s th e t ic  e f f e c t  of 
oxygen and n itr o g e n  should  be e x p e c te d . Such an e f f e c t  i s  known in  
th e  case  o f n itr o g e n  ( i . e . ,  “n itr o g e n  n a r c o s is " ) .  T his p ro p e r ty , 
m ainly  observed  in  scuba d iv in g , i s  governed by a ru le  o f  thumb, 
known as M a r tin i's  r u le ,  which s t a t e s  th a t  the degree o f n a r c o s is  
i s  e q u iv a le n t  to  one m a rtin i on an empty stomach fo r  ev ery  f i f t y  
f e e t  in  d epth . 32  This e f f e c t  i s  not w e l l  understood a t p r e s e n t .  
P h y s io lo g ic a l  s tu d ie s  have been made but no mechanism has been 
su g g e s te d . Some p o r tio n  of t h is  e f f e c t  may be due to  HBB.
However, s in c e  o th er  in e r t  g a ses  show s im ila r  te n d e n c ie s , 33  th e  
t o t a l  e f f e c t  cannot be a sc r ib e d  to  HBB. The n a r c o s is  by th e  noble  
g a se s  i s  p u z z lin g  s in c e  argon showed no HBB ten d en cy . I t  must be 
n o te d , how ever, th a t  th e  stu d y 33  which showed argon to  have 
s ig n i f i c a n t  n a r c o t ic  p r o p e r t ie s  was c a r r ie d  out a t  h igh  p a r t ia l  
p r e ssu r e s  o f  oxygen. N a r c o s is  s tu d ie s  m ight be improved by 
m a in ta in in g  a co n sta n t p a r t ia l  p ressu re  o f oxygen . W hile th e  
n a r c o s is  p rop erty  may be due, to  some e x t e n t ,  to  s o l u b i l i t y  
e f f e c t s ,  q u a l i t a t iv e  d i f f e r e n c e s  between n itr o g e n  and o th er  in e r t  
g a se s  are to  be e x p e c te d .
Hydrogen Bonding by O2  and N2
The mechanism of HBB, presum ably c o m p e tit iv e  co m p lex a tio n , 
im p lie s  the a b i l i t y  o f  O2 and N2  to  a ccep t hydrogen bonds* The 
work o f McDonald31* i s  c o r ro b o ra tiv e  s in c e  he observed  an IR 
a b so r p tio n  band to  s h i f t  upon a d so r p tio n  o f N2 ,  O2 , and NO on 
s i l i c a .  These s h i f t s  were a sc r ib e d  to  com p lexation  between the  
gas m o lecu les  and h yd roxy l groups a tta ch ed  to  the s u r fa c e .
Support for  t h i s  assignm ent was g iv en  by L ygin  e t  a l . 35  who 
in v e s t ig a te d  mode of th e se  com plexes u s in g  th e  CNDO approxim a­
t io n .  Both l in e a r  and T shaped com plexes were in v e s t ig a t e d ,  th e  
form er being  found to  be th e  more s t a b le .  The c a lc u la te d  
e n e r g ie s  of th e  O2 and N2  com p lexes, 3 .6  and 6 .2  K cal/m ole  
r e s p e c t iv e ly ,  are in  th e  g e n e r a l range o f H-bond e n e r g ie s ,  and 
are in  q u a l i t a t iv e  agreem ent w ith  the h eat o f r e a c t io n  determ ined  
from IR s h i f t  (1 2  and 24 cnT^, r e s p e c t iv e l y ) .  A p p aren tly , th e n , 
weak hydrogen bond com plexes of N2  an O2 w ith  ROH are to  be 
e x p e c te d .
T his c o n c lu s io n  i s  borne out by the ab i n i t i o  MO work o f
Cherry36 who s tu d ie d  the O2 -H2 O system  both in  the ground ( 3E ) and
6
th e  e x c it e d  s t a t e s  (^A ) .  A v e r y  weak H-bond (<1 K ca l/m o le) was
8
found fo r  th e  ground s t a t e  com plex w ith  both the ST0-3G3  ̂ and 4-31G  
b a s is  s e t s .  I t  must be n o te d , how ever, th a t  th e  r e s u l t s  o f Part I  
o f t h i s  d i s s e r t a t io n  su g g e st  th a t  the use o f p o la r iz a t io n  fu n c tio n s  
would in c r e a s e  th e  c a lc u la te d  H-bond energy of such a com plex.
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E x ten sio n  o f Work to  DNA
Given the im portance o f H -bonding in  b io lo g ic a l  m o le c u le s ,  
e s p e c i a l ly  DNA, i t  seemed n a tu r a l to  ex tend  t h is  work by t e s t in g  
t h i s  HBB h y p o th e s is  on t h i s  e n t i t y .  T h er e fo re , a s o lu t io n  o f c a l f  
thymus Na DNA (Sigm a) was prepared (0 .0 5 1 8  mg/ml in  H2 O) w hich gave  
an absorbance of 'vjO. 9 @ 260 nm. The change in  th e  absorbance was 
m onitored  as a fu n c tio n  of tem p eratu re , the h e a tin g  r a te  being  
^ l-2 °C /m in , and the s a tu r a t in g  gas (0^ was bubbled in to  th e  c h i l l e d  
s o lu t io n  fo r  1 h r . ,  as was A rgon). The tem perature dependence i s  
p resen ted  in  f ig u r e  7 . The t o t a l  change in  absorbance was 'V'lCK.
These "m elting" cu rves are w e l l  known fo r  DNA and r e s u l t  from 
th e  "unstacking" o f  the arom atic  r in g s  o f th e  bases during th e  
d e n a tu r a tio n  p r o c e s s . 99  The p r o cess  o f d e n a tu r a tio n  o f DNA i s  a 
dynamic e q u ilib r iu m  and i t  i s  ra te -in d e p e n d e n t for  slow  r a t e s .  The 
DNA w i l l  ren a tu re  r a p id ly  upon c o o lin g  i f  th e  p ro cess  has not been  
c a r r ie d  to  com p letion  ( in  which c a s e ,  the r e n a tu r a tio n  i s  ex trem ely  
slow  becau se  the DNA stra n d s have sep ara ted  c o m p le te ly ) .
In form ation  r e la te d  to  the r e la t iv e  number o f G-C and A-T base  
p a ir s  co n ta in ed  in  th e  DNA39  can be ob ta in ed  from the s lo p e  o f the  
cu rve .
The tem perature a t  \d iich  th e  d e n a tu r a tio n  p r o cess  occu rs i s  
dependent upon th e  added s o lu t e s ,  b e in g  g r e a t ly  in c re a se d  by 
s a l t s  39 (KC1) and d ecreased  by HBB system s ( e . g . ,  u r e a ) .  This 
l a t t e r  s o lu te  was found to  d ecrea se  th e  tem perature o f  m e lt in g  by 
3 - 5 ° C /m o le .^  The s h i f t  observed  in  f ig u r e  7 seems anom olously
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F igure 7
The tem perature dependence o f the absorbance of c a l f  thymus NaDNA 
(0 .0 5 1 8  mg/ml in  H2 0) -  02 sa tu r a te d  ( t r i a n g le s ) ,  nondegassed  
( s q u a r e s ) ,  and Ar sa tu r a te d  ( c i r c l e s ) .
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la r g e  compared to  th a t  found fo r  u rea . The rap id  d i f f u s io n  of the  
g a se s  and the r a th er  weak, r a p id ly  broken com plexes which form , may 
account fo r  t h i s  la r g e  e f f e c t .  The s h i f t  observed  i s  c o n s is t e n t ,  
how ever, when i t  i s  r e c a l le d  th a t oxygen i s  rou gh ly  tw ice  as 
s o lu b le  as n itr o g e n  in  w a ter . 25
These ex p er im en ts , w h ile  c e r t a in ly  not c o n c lu s iv e  tend to  
s u b s t a n t ia te  the e x p la n a tio n  fo r  the observed  e th a n o l s h i f t .  They 
a ls o  r e -e n fo r c e  the p o s s ib le  b io lo g ic a l  im portance o f th e  HBB o f  0  ̂
and N2  g a s e s .
CHAPTER V
SUMMARY AND CONCLUSIONS
A good d ea l o f ev id en ce  seems to  in d ic a t e  the form ation  of weak 
hydrogen-bonded com plexes o f m olecu lar  n itr o g e n  and oxygen. Some of 
t h i s  ev id en ce  i s  i n f e r e n t ia l ;  how ever, th e  e f f e c t  observed in  
Chapter I I  on e th a n o l I s  q u ite  r e a l .  In  p a r t ic u la r ,  th e  argon  
s a tu r a t io n  procedure (w hich  was used  to  remove d is s o lv e d  a ir  from  
th e  DNA sam ple in  f ig u r e  7 ) ,  a ls o  produced a s h i f t  which was very  
s im ila r  to  th a t fo r  th e  d egassed  sample p r e ssu r iz e d  under 1000T 
argon . The removal o f and N2  by helium  s a tu r a t io n  was much l e s s  
e f f e c t i v e .  The " freeze-th aw "  method o f  d e g a ss in g  was In g e n e r a l  
th e  most e f f i c a c io u s ;  t h e r e f o r e ,  sam ples tr e a te d  in  t h is  manner are 
em phasized in  t h is  work.
The s h i f t  observed  in  the g la s s  r e g io n , fo r  the sample w ith  
1000T N2  added, i s  d i f f i c u l t  to  e x p la in  w ith ou t in vok in g  HBB, 
p a r t ic u la r ly  s in c e  argon a d d it io n  a t s im ila r  p r e ssu re s  produced no 
o b serv a b le  s h i f t s .  Thus, p ressu re  e f f e c t s ,  to  which g la s s e s  are  
s e n s i t i v e ,  and s o l u b i l i t y  e f f e c t s ,  (argon  being  c o n s id e r a b ly  more 
s o lu b le  than n itr o g e n )  can not be in vok ed . Rate e f f e c t s  cou ld  
produce such s h i f t s  in  the g la s s  r e g io n ;  c o n se q u e n tly , ev ery  e f f o r t  
was made to  use th e  same tem perature v a r ia t io n  r a t e s .  (The c r y s t a l  
r e g io n , how ever, should  not be s tr o n g ly  r a te  d ep en d en t.)  Oxygen i s  
p r e sen t as im pu rity  in  N2 ; how ever, th e  maximum O2  con tam in ation  
(<30 ppm thus <30 mT) i s  to o  sm a ll to  cause the observed s h i f t .
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T his p o in t becomes c le a r  by com parison w ith  the sample c o n ta in in g  
500 mT 02 , which mimics th e  d egassed  cu rv e .
The quenching o f phosp horescence by O2  d i f f u s io n  in  th e  s o f t  
g la s s  i s  c e r t a in ly  p r e s e n t , as su g g e ste d  by M artinez e t  a l . 5 The 
la r g e  s h i f t  in  th e  c r y s t a l  r e g io n  cannot be a sc r ib e d  to  such e f f e c t s  
s in c e  both the apparent m e lt in g  p o in t and th e  c r y s t a l  o n se t r e g io n  
s h i f t  s im i la r ly .  In d eed , the phosp horescence l i f e t i m e s  in  the  
c r y s t a l  r e g io n  in d ic a t e  no quenching a t t r ib u t a b le  to  oxygen  
d i f f u s io n  in  th a t  th e  l i f e t i m e s  rem ain long and e x p o n e n t ia l .  A good 
d e a l o f s c a t t e r  in  the l i f e - t i m e  data in  th e  c r y s t a l  r e g io n ,  
rep o rted  by S ch m illen  and Tschampa, was a l s o  observed  in  t h i s  work.
The cause of th e se  v a r ia t io n s  i s  unknown to  u s .
Some d iscr e p e n c y  e x i s t s  betw een our observed c r y s t a l  m eltin g  
p o in ts  and th o se  of S ch m illen  and Tschampa.^ However, as can be seen  
in  f ig u r e s  1 - 6  th e  m e lt in g  p o in ts  are r e p r o d u c ib le  and f a l l  in to  the  
two c a te g o r ie s  p r e v io u s ly  m entioned -  s h i f t e d  and u n s h if te d . S in ce  
th e  p rev iou s au th ors d id  not d e sc r ib e  th e  ex p er im en ta l procedure in  
g rea t d e t a i l  no e x p la n a tio n s  fo r  t h i s  d iscr e p a n c y  can be o f fe r e d .
The s h i f t  in  th e  c r y s t a l  m e lt in g  p o in t i s  to o  la r g e  to  be 
caused  by a c o l l i g a t i v e  e f f e c t .  In d eed , g iv e n  th e  l im ite d  
s o l u b i l i t y  o f the g a ses  s tu d ie d  and a c r y o sc o p ic  co n sta n t o f  
2 .8 6 °C /m o le , c o l l i g a t i v e  e f f e c t s  shou ld  be n e g l i g i b l e .  Furtherm ore, 
argon and eth ane are  ju s t  as s o lu b le  as oxygen. F in a l ly ,  c r y s t a l  
s i z e  e f f e c t s ,  w hich a l s o  have an in f lu e n c e  on th e  m e lt in g  p o in t ,  are  
o f  a m agnitude much too  sm a ll to  e x p la in  th e  observed  m agnitudes
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( s e e  Kauzmann®). T h er e fo re , t h i s  e f f e c t  must be a t tr ib u te d  to  an 
a l t e r a t io n  of the p h y s ic a l  p r o p e r t ie s  of e th a n o l by d is s o lv e d  0  and 
N2 * The most f e a s i b l e  mechanism i s  hydrogen bond b reak in g .
As seen  in  Chapter 3 , t h i s  work le a d s  n a tu r a lly  to  a d is c u s s io n  
o f the th eory  o f g l a s s e s .  Rapid p rogress  may be ex p ected  in  t h i s  
a r e a . E x ten sio n s  o f the G ibbs-D im arzio  th eo ry  can be ex p ected  and 
n o v e l t o p o lo g ic a l  approaches are s u r e ly  p r e d ic ta b le .  G lass  
tec h n o lo g y  w i l l  undoubtedly  e x p e r ie n c e  a g r e a t improvement as soon  
as th eo ry  becomes cap ab le o f p r e d ic t in g  g la s s  p r e p a ra tio n  ro u tes  
le a d in g  to  d e s ir e d  p r o p e r t ie s .  In d eed , p r e d ic t io n s  o f g la s s  
form ation  a b i l i t i e s  in  new m a te r ia ls  ( e . g . ,  th e  s u c c e s s f u l  form ation  
o f g r a p h ite  g la s s  and th e  m u ltitu d e  of a p p l ic a t io n s  th u s engendered) 
may w e l l  become th e  norm. The p o s s ib le  correspondence between th e  
spontaneous c r y s t a l l i z a t i o n  th eory  o f Kauzmann and th e  amorphous 
ground s t a t e  id e a s  of G ibbs-D im arzio  should  be in v e s t ig a te d  
fu r th e r .
The work on th e  hydrogen bond breaking o f a n e s t h e t ic s ,  
d is c u s s e d  in  Chapter 4 , i s  seem in g ly  of g r e a t s ig n i f ic a n c e  and 
obvious e x te n s io n s  to  NMR s tu d ie s  on b io lo g i c a l l y  im portant 
m o le c u le s  should  be pursued . DNA r e p l i c a t io n  mechanisms have been  
s tu d ie d  e x te n s iv e ly  in  re ce n t years  and s e v e r a l  of th e  enzymes 
in v o lv e d  in  the p r o c e ss  have been d isco v e r e d  ( e . g . ,  the "unwinding" 
enzyme o f A lb e r t1*2 ) .  The i n i t i a l  s t e p ,  th a t  of hydrogen-bond  
b rea k in g , however, has remained a m ystery . The b u ild -u p  o f  some 
m e ta b o l it e ,  w ith  HBB a b i l i t i e s  may be r e s p o n s ib le ,  in  v iew  of the
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work p resen ted  h e r e , for  th e  I n i t i a t i o n  o f the e n t ir e  r e p l ic a t io n  
seq u en ce .
In c o n c lu s io n , s e v e r a l  somewhat rash  su g g e s t io n s  have been  
made. These su rm ises have been made in  th e  hope th a t th ey  w i l l  
su g g e st  new exp erim en ts which w i l l  e i th e r  prove or d isp ro v e  them. 
Nothing more i s  in ten d ed . The e f f e c t s  o f oxygen and the im portance  
o f  hydrogen bonding r e q u ire  no s ig n i f i c a n t  co u p lin g  to  g iv e  r i s e  to  
con cep ts  of fa r -r e a c h in g  s ig n i f ic a n c e .
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ADDENDUM
GENERAL CONCLUSIONS OF LUMINESCENCE STUDIES
When t h i s  work was i n i t i a t e d ,  the s u g g e s t io n  was made th a t  
s p e c tr o sc o p y , w h ile  o f te n  an end in  i t s e l f ,  can a l s o  be co n sid ered  a 
t o o l  fo r  in v e s t ig a t in g  ch em ica l sy stem s. The work p resen ted  was 
pursued in  th e  s p i r i t  o f t h is  remark. Lum inescence sp e c tr o sc o p y  was 
in d eed  found to  be a v a lu a b le  t o o l  in  u n d erstan d in g  p h y s ic a l  and 
ch em ica l phenomena.
The r e s o lu t io n  o f the o r ig in a l  q u e s t io n s  has r e q u ir e d , how ever, 
f a m i l ia r i t y  w ith  numerous tec h n iq u es  not o n ly  in  sp e c tr o sc o p y  but 
quantum m ech an ics, s t a t i s t i c a l  p h y s ic s , b io c h e m ic a l a n a l y s i s ,  e t c .  
T ru ly , most q u e s t io n s  In s c ie n c e  today cannot be r e s t r ic t e d  to  a 
s in g le  f i e l d  w ith ou t lo s in g  many of the im portant I m p lic a t io n s .
Thus, the trend  towards s p e c ia l i z a t io n  r e q u ir e s  th a t  c o lla b o r a t io n  
w ith  workers in  o th er d i s c i p l in e s  be so u g h t . Given the wide 
a p p l i c a b i l i t y  o f the tec h n iq u es  of lu m in escen ce sp e c tr o sc o p y , 
in t e r a c t io n  w ith  alm ost a l l  f i e l d s  may be e x p e c te d .
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